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We previously isolated a mutant hypersensitive to L-alanyl-L-alanine from a non-L-alanine-metabolizing
Escherichia coli strain and found that it lacked an inducible L-alanine export system. Consequently, this mutant
showed a significant accumulation of intracellular L-alanine and a reduction in the L-alanine export rate
compared to the parent strain. When the mutant was used as a host to clone a gene(s) that complements the
dipeptide-hypersensitive phenotype, two uncharacterized genes, ygaW and ytfF, and two characterized genes,
yddG and yeaS, were identified. Overexpression of each gene in the mutant resulted in a decrease in the
intracellular L-alanine level and enhancement of the L-alanine export rate in the presence of the dipeptide,
suggesting that their products function as exporters of L-alanine. Since ygaW exhibited the most striking impact
on both the intra- and the extracellular L-alanine levels among the four genes identified, we disrupted the ygaW
gene in the non-L-alanine-metabolizing strain. The resulting isogenic mutant showed the same intra- and
extracellular L-alanine levels as observed in the dipeptide-hypersensitive mutant obtained by chemical mu-
tagenesis. When each gene was overexpressed in the wild-type strain, which does not intrinsically excrete
alanine, only the ygaW gene conferred on the cells the ability to excrete alanine. In addition, expression of the
ygaW gene was induced in the presence of the dipeptide. On the basis of these results, we concluded that YgaW
is likely to be the physiologically most relevant exporter for L-alanine in E. coli and proposed that the gene be
redesignated alaE for alanine export.

Bacteria are known to export xenobiotic substances, such as
heavy metals (34), antibiotics (35), or organic solvents (49), to
survive under harsh circumstances. In the last 15 years, it has
been shown that in addition to harmful substances, normal
metabolites, such as amino acids (10), purine ribonucleosides
(13), and sugars (28), are exported by specific exporters. How-
ever, a physiological function of the exporters remains obscure.
In regard to amino acids, after the identification of LysE as the
exporter for lysine in Corynebacterium glutamicum (47), more
than 10 transporters have been shown to export amino acids
and their analogues. In C. glutamicum, BrnFE (20), NCgl1221
(32), and ThrE (43) were found to mediate the efflux of L-iso-
leucine, L-glutamic acid, and L-threonine, respectively. In Esch-
erichia coli, exporters for L-cysteine (YdeD, YfiK, CydDC, and
Bcr) (7, 12, 37, 50), L-aromatic amino acids (YddG) (9), L-leu-
cine (YeaS) (26), L-threonine (RhtA and RhtC) (29, 51), L-
arginine (YggA) (33), L-valine (YgaZH) (36), and L-homoser-
ine (RhtB) (51) were identified.

The specific exporter of alanine has not been identified so
far in E. coli and other bacteria except for a peculiar case in
Tetragenococcus halophilus, where AspT has been found to
function as an L-asparate:L-alanine exchanger (1). On the one
hand, a wide range of wild-type and metabolically engineered

bacterial strains (14, 17, 19, 21) have been observed to excrete
alanine. In addition, E. coli, the wild-type strain of which does
not intrinsically excrete alanine (21), has been engineered to
produce L-alanine in the culture medium (53), indicating that
E. coli possesses an L-alanine export system(s). To clarify the
alanine export system in this bacterium, we previously isolated
mutants hypersensitive to extracellularly added L-alanyl-L-ala-
nine (Ala-Ala) (18) based on the knowledge that an amino acid
exporterless mutant exhibits growth arrest in the presence of a
peptide containing the amino acid of concern (20, 43, 47).
Consequently, we found that the mutants lacked an inducible
L-alanine export system (18).

In this study, we describe the identification of genes that
complemented the hypersensitivity of the mutant to the dipep-
tide and show lines of evidence demonstrating that one of the
genes identified probably plays a physiologically important role
in L-alanine efflux in E. coli.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The E. coli strains and
plasmids used in this study are listed in Table 1. The primers used are listed in
Table 2. Cells were grown aerobically at 37°C in L broth medium containing 1%
tryptone, 0.5% yeast extract, and 0.5% NaCl (pH 7.2) or minimal medium (11)
containing 22 mM glucose, 7.5 mM (NH4)2SO4, 1.7 mM MgSO4, 7 mM K2SO4,
22 mM NaCl, and 100 mM sodium phosphate (pH 7.1). When necessary, D-al-
anine (50 �g ml�1), L-alanine (50 �g ml�1), gentamicin (GM; 6.25 �g ml�1),
kanamycin (KM; 6.25 �g ml�1), chloramphenicol (CP; 12.5 �g ml�1), tetracy-
cline (TC; 12.5 �g ml�1), and ampicillin (AP; 100 �g ml�1) were added to the
medium. Growth was monitored by measuring the optical density at 660 nm
(OD660).

Shotgun cloning. DNA manipulation was performed according to the standard
protocol described previously (40). Chromosomal DNA of E. coli W3110 was
isolated according to a previously described method (39). The DNA library of the
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strain W3110 was constructed by ligating Sau3AI-digested DNA fragments (2 to
10 kb) with pBR322 (Takara, Japan), which had been treated with BamHI and
bacterial alkaline phosphatase (Toyobo, Japan), using E. coli JM109 as host cells.
The genome library purified from the transformants was introduced into the
dipeptide-hypersensitive mutant LAX12 by electroporation with the Gene Pulser
II (Bio-Rad) according to the manufacturer’s instructions. Selection was per-
formed on minimal medium containing 50 �g ml�1 D-alanine and 100 �g ml�1

AP in the presence of 3 mM Ala-Ala at 37°C for 3 days.
Construction of recombinant plasmids expressing the yeaS, yddG, ytfF, and

ygaW genes. To construct the plasmids harboring yeaS, yddG, ytfF, and ygaW, the
gene fragments were amplified by PCR using the primer sets (forward/reverse) of
yeaS-F/yeaS-R, yddG-F/yddG-R, ytfF-F/ytfF-R, and ygaW-F/ygaW-R, respectively,
and the chromosome of MG1655 as a template. Each amplified DNA was treated
with BamHI and cloned into the BamHI site of pSTV29 (Takara, Japan). We
then carried out restriction analyses of the resulting plasmids and obtained the
recombinant plasmids, pYeaS, pYddG, pYtfF, and pYgaW, carrying the yeaS,
yddG, ytfF, and ygaW genes, respectively, genes that were placed in the opposite
orientation relative to the lac promoter. Thus, their expression is under the
control of their own promoters.

Cellular localization of YgaW. To assess cellular localization of YgaW, we
constructed the histidine (His)-tagged ygaW gene. The open reading frame
(ORF) of the ygaW gene was amplified by PCR using the primer set ygaW15b-
F/ygaW15b-R. The resulting fragment was digested with NdeI and BamHI and
cloned into pET-15b (Novagen) restricted with the same enzymes, leading to
pET-YgaW. We then introduced pET-YgaW into E. coli BL21(DE3) cells, and
the resulting transformant was grown in L broth containing 100 �g ml�1 AP at
37°C to a mid-log phase (OD660 � 0.6). The expression of His-tagged YgaW was
initiated by the addition of 1 mM isopropyl-�-D-thiogalactopyranoside and con-
tinued at 37°C for 2 h. Cells were then harvested, washed once with 50 mM
Tris-HCl buffer (pH 8.0), and suspended in a breaking buffer containing 50 mM
Tris-HCl (pH 8.0) and 1 mM phenylmethanesulfonyl fluoride. After disruption
of the cells by sonicating them five times for 15 s with 45-s intermittent cooling

at the maximum level using the Bioruptor (model UCD-200T; CosmoBio Co.,
Japan), the supernatant obtained by centrifugation (15,000 � g, 4°C, 20 min) was
ultracentrifugated at 100,000 � g at 4°C for 1 h to obtain the membrane fraction.
To purify His-tagged YgaW, the membrane fraction was resuspended in a sol-
ubilization buffer containing 50 mM Tris-HCl (pH 8.0), 0.5% sodium dodecyl
sulfate (SDS), 10 mM imidazole, and 300 mM NaCl, followed by the addition of
Ni-nitrilotriacetic acid (NTA) resin (Qiagen, Germany). After incubation with
gentle agitation at 4°C for 1 h, the resin was washed with the solubilization buffer
containing 20 mM imidazole and the protein was eluted with an elution buffer
containing 50 mM Tris-HCl (pH 8.0), 0.5% SDS, and 250 mM imidazole. Each
fraction was mixed with an equal volume of a sample buffer containing 125 mM
Tris-HCl (pH 6.8), 4% SDS, 10% sucrose, 0.004% bromophenol blue, and 10%
2-mercaptoethanol at 23°C for 5 min and then subjected to SDS-polyacrylamide
gel (15%) electrophoresis. The proteins were visualized by staining with Coo-
massie brilliant blue R250.

Construction of gene deletion mutants. To construct ygaW and ytfF deletion
mutants, we made the chromosomal deletion plasmids p18c�YgaW and
p18c�YtfF, respectively. For the ygaW deletion plasmid, the NruI fragment
containing the final 401 bp of the ygaW gene and 12 bp downstream was removed
by NruI digestion and religation to generate p�YgaW. p�YgaW retained a
putative stem-and-loop structure of the ygaW gene, thus it is most unlikely to
exert any influence on expression of the downstream gene. The BamHI fragment
of p�YgaW was excised and cloned into the BamHI site of pTH18cs1 (15),
leading to p18c�YgaW. For the ytfF deletion plasmid, inverse PCR was per-
formed using the primer set �ytfF-F/�ytfF-R and pYtfF as a template. The resulting
fragment was digested with EcoRV and religated to yield p�YtfF. The BamHI
fragment of the resulting plasmid was excised and cloned into the BamHI site of
pTH18cs1, leading to p18c�YtfF. After transformation of p18c�YgaW and
p18c�YtfF into E. coli MLA301, the resulting transformants were grown in L
broth containing 50 �g ml�1 D-alanine, 6.25 �g ml�1 GM, 6.25 �g/ml KM, and
12.5 �g ml�1 CP at 42°C overnight, and integrants were selected on L agar
containing 50 �g ml�1 D-alanine, 6.25 �g ml�1 GM, 6.25 �g ml�1 KM, and 12.5

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Relevant property(ies)a Source or reference

Strains
Escherichia coli

MG1655 Wild type Laboratory strain
W3110 Wild type Laboratory strain
JM109 recA1 endA1 gyrA96 thi hsdR17(rK

� mK
�) e14� (mcrA) supE44 relA1

�(lac-proAB)/F�traD36 proAB� lacIq lacZ�M15	
Laboratory strain

BL21(DE3) F� dcm ompT hsdS (rB
� mB

�) gal 
(DE3) Novagen
MLA301 MG1655 alr::FRT dadX::FRT avtA::GMr yfbQ::KMr yfdZ::FRT 18
LAX12 MLA301 hypersensitive to Ala-Ala 18
MLA301�ytfF MLA301 with a deletion in the ytfF gene This study
MLA301�ygaW MLA301 with a deletion in the ygaW gene This study

Bacillus sphaericus ATCC 10208 Wild type Laboratory strain
Streptococcus bovis JCM5802 Wild type Laboratory strain

Plasmids
pBR322 CPr TCr; pMB1 ori Takara
pSTV29 CPr lacZ�; p15A ori Takara
pET-15b APr lacI; promoter T7; pMB1 ori Novagen
pTH18cs1 cat1 lacZ� repAts1; derivative of pSC101 14
pYeaS pSTV29 harboring a 1.1-kb PCR fragment of the yeaS gene This study
pYddG pSTV29 harboring a 1.5-kb PCR fragment of the yddG gene This study
pYtfF pSTV29 harboring a 1.4-kb PCR fragment of the ytfF gene This study
pYgaW pSTV29 harboring a 1.0-kb PCR fragment of the ygaW gene This study
pET-YgaW pET-15b harboring a 0.5-kb PCR fragment of the ygaW gene This study
p�YtfF pYtfF with a deletion of a 0.3-kb fragment in the ytfF gene This study
p18c�YtfF pTH18cs1 harboring a BamHI fragment of p�YtfF This study
p�YgaW pYgaW with a deletion of a 0.4-kb fragment in the ygaW gene This study
p18c�YgaW pTH18cs1 harboring a BamHI fragment of p�YgaW This study
pAlaD pSTV29 harboring a 1.8-kb PCR fragment of the Bacillus sphaericus

alaD gene preceded by the Streptococcus bovis ldh promoter
This study

pAldD-YgaW pAlaD harboring a 1.0-kb PCR fragment of the ygaW gene This study

a Abbreviations for antibiotics: GM, gentamicin; KM, kanamycin; CP, chloramphenicol; TC, tetracycline; AP, ampicillin.
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�g ml�1 CP. Subsequently, the ygaW and ytfF deletion mutants MLA301�ygaW
and MLA301�ytfF, respectively, were obtained by selecting CP susceptible
clones. Deletion of each gene in the chromosome was verified by PCR analysis
using the primer sets (forward/reverse) of ygaW-F/ygaW-R and ytfF-F/ytfF-R,
respectively.

Amino acid accumulation assay. To determine intracellular and extracellular
L-alanine concentrations, cells grown in minimal medium containing 50 �g ml�1

D- and L-alanine were inoculated into minimal medium containing 50 �g ml�1

D-alanine and 1% tryptone. Cells cultivated to a mid-log phase were washed
twice with ice-cold minimal medium and suspended in prewarmed minimal
medium (37°C) to give an OD660 of 3.0, which corresponds to 1.14 mg of cells
(dry weight) ml�1. After a 10-min preincubation at 37°C, the reaction was
initiated by the addition of 6 mM Ala-Ala. Separation of the intracellular and
extracellular fractions was performed by the silicone oil method (22), in which
the cells were placed onto the upper layer of a 3:2 mixture of silicone oil AR20
and AR200 (Wacker Chemie, Germany), with the lower layer consisting of 20%
(wt/wt) perchloric acid, followed by centrifugation (20,000 � g, 23°C, 1 min). The
cell suspension medium remaining above the silicone layer was recovered as the
extracellular fraction. The cell pellets were sonicated briefly, and the resulting
cell suspension was centrifuged (20,000 � g, 23°C, 5 min). The supernatant was
neutralized with 2 M Na2CO3 to obtain the intracellular fraction. Amino acids in
each fraction were quantified in terms of their o-phthalaldehyde derivatives by a
cation exchange column (Shim-pack AMINO NA; Shimadzu, Japan) with a
high-performance liquid chromatography system (LC-10A; Shimadzu, Japan).
To calculate the intracellular amino acid concentration, the intracellular volume
was assumed to be 2.03 �l/mg (dry weight) cells (42).

Total RNA isolation and RT-PCR analysis. Cells of the mid-log phase, which
had been prepared as described for the amino acid accumulation assay, were
incubated with 6 mM Ala-Ala at 37°C for 5 min and then mixed with RNAprotect
bacterial reagent (Qiagen, Germany). After centrifugation (5,000 � g, 23°C, 10
min), total RNA was isolated using the RNeasy minikit with a spin column
(Qiagen, Germany) according to the manufacturer’s instructions. To remove
contaminating DNA, the isolated RNA was treated twice with RNase-free
DNase. Reverse transcription (RT) was performed with 300 ng of total RNA as
a template by 2.5 units of AMV reverse transcriptase XL (Takara, Japan) in a
total volume of 10 �l using the following reaction conditions: 30°C for 10 min,
42°C for 30 min, 95°C for 5 min, and 4°C for 5 min. PCRs were then performed
using 0.5 �l of cDNA products (corresponding to 15 ng total RNA), Quick Taq
HS DyeMix (Toyobo, Japan), and the primer sets yeaSRT-F/yeaSRT-R,

yddGRT-F/yddGRT-R, ytfFRT-F/ytfFRT-R, ygaWRT-F/ygaWRT-R, and gapART-
F/gapART-R in a total volume of 5 �l. The amplifying condition was as follows:
94°C for 2 min, 30 cycles of 94°C for 30 s, 50°C for 30 s, and 68°C for 30 s, and
final extension at 68°C for 5 min. The PCR products were analyzed by electro-
phoresis on a 2% agarose gel.

Alanine fermentation. The modified overlap extension method (16) was used
to construct an expression plasmid for alanine dehydrogenase (AlaDH) of Ba-
cillus sphaericus (25). The gene fragment including the ORF and the downstream
region of the alaD gene from B. sphaericus ATCC 10208 was amplified by PCR
using the primer set BSalaD-F/BSalaD-R. The promoter region of the ldh gene
from Streptococcus bovis JCM5802, which is efficiently transcribed in E. coli, was
amplified by PCR using the primer set SBPldh-F/SBPldh-R. The amplified frag-
ments were then fused by PCR using the primer set SBPldh-F/BSalaD-R, fol-
lowed by cloning into pSTV29 restricted with BamHI and PstI, leading to pAlaD,
in which the fused alaD gene was placed in the opposite orientation relative to
the lac promoter. Next, the ygaW gene fragment amplified by PCR using the
primer set ygaW-F/ygaW-R was digested with BamHI and cloned into the BamHI
site of pAlaD, followed by restriction analysis to determine the direction of the
ygaW gene. The resulting plasmid, pAlaD-YgaW, appeared to have the ygaW
gene in the opposite orientation relative to alaD. MG1655 cells harboring
pAlaD-YgaW, pAlaD, or pSTV29 grown aerobically in L broth containing 12.5
�g ml�1 CP were inoculated into a fermentation medium containing 1% tryp-
tone, 0.5% yeast extract, 0.5% NaCl, 0.5% glucose, 1% NH4Cl, 100 mM mor-
pholinepropanesulfonic acid (MOPS; pH 7.2), and 12.5 �g ml�1 CP and culti-
vated at 37°C with gentle shaking under anaerobic conditions where nitrogen gas
constituted the gas phase of a test tube. The concentrations of alanine produced
and glucose remaining in the culture medium were determined by a high-per-
formance liquid chromatography system and the Glucose CII test (Wako Pure
Chemical Industries, Japan), respectively.

Other methods. Protein concentration was determined by the method of
Lowry et al., with bovine serum albumin as the standard (30). The nucleotide
sequences of the yeaS, yddG, ytfF, and ygaW genes were determined by the
dideoxy chain termination method (41).

RESULTS

Identification of a gene(s) complementing the Ala-Ala-hy-
persensitive mutant. Since the sensitivity of Ala-Ala-hypersen-

TABLE 2. Primers used in this study

Primer Nucleotide sequencea Restriction site

yeaS-F 5�-CGGGATCCCGACGTCAGCGAAAGTGC-3� BamHI
yeaS-R 5�-CGGGATCCCAGAAAGGCGTTGAGCG-3� BamHI
yddG-F 5�-CGGGATCCAGTGCTTGCTTCGGGG-3� BamHI
yddG-R 5�-CGGGATCCATAGACTTCGGCAGCGTG-3� BamHI
ytfF-F 5�-CGGGATCCCGGCACTGAAAAGCGTCG-3� BamHI
ytfF-R 5�-CGGGATCCAGAGAGCGCCAGTTCACC-3� BamHI
ygaW-F 5�-CGGGATCCCGTTACCTCACCCCCAAAC-3� BamHI
ygaW-R 5�-CGGGATCCCGCGAATGGGACGTACCG-3� BamHI
ygaW15b-F 5�-CGGGATCCATATGTTCTCACCGCAGTCACG-3� NdeI
ygaW15b-R 5�-CGGGATCCTCAGGCTTTTACCTGCTGGT-3� BamHI
�ytfF-F 5�-CGGATATCGATGATGTGGGCAACAGC-3� EcoRV
�ytfF-R 5�-CGGATATCTCATCGTGGAAACAGGCG-3� EcoRV
BSalaD-F 5�-GATGTTTAGATAAATGAAGATTGGTATTCC-3�
BSalaD-R 5�-AAACTGCAGCTAATCCACCATAAATG-3� PstI
SBPldh-F 5�-GCTGGATCCATAAATTGATGAATCAC-3� BamHI
SBPldh-R 5�-GGAATACCAATCTTCATTTATCTAAACATC-3�
yeaSRT-F 5�-CGGTTATCTTGCGGCCTG-3�
yeaSRT-R 5�-TTGCAGCGTCGCCAGTCG-3�
yddGRT-F 5�-AGGCGGTGACAATGGGTTAC-3�
yddGRT-R 5�-TTTAATCATGACGGGCGTGC-3�
ytfFRT-F 5�-GCAGGGTTGATGTGGGGG-3�
ytfFRT-R 5�-GAATGACCACCGGCAGGG-3�
ygaWRT-F 5�-TTCTCACCGCAGTCACGC-3�
ygaWRT-R 5�-CTGCTGGTAACGGCTGAC-3�
gapART-F 5�-TGAATGGCAAACTGACTGGTATGGC-3�
gapART-R 5�-AACCGGTTTCGTTGTCGTACCAGGA-3�

a Underlines represent restriction sites in the tag sequences added.
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sitive mutants has been found to be associated with extensive
accumulation of L-alanine derived from externally added Ala-
Ala (18), we predicted that the growth inhibition could be
relieved if the mutants gained a gene encoding an L-alanine
exporter. To identify the gene, we performed a shotgun cloning
experiment using the dipeptide-hypersensitive mutant LAX12
as a host and obtained several transformants after a 3-day
incubation in the presence of the dipeptide, during which time
the host cells did not form colonies. When we isolated plasmids
from 11 independent clones and retransformed them into
LAX12, all recombinant plasmids conferred on the mutant the
ability to grow on minimal medium containing Ala-Ala, indi-
cating that the growth restoration was plasmid borne. Restric-
tion analysis, subcloning, and sequencing of the DNA frag-
ments cloned in each plasmid resulted in identification of four
open reading frames (ORFs) responsible for the growth recov-
ery: two characterized genes, yddG and yeaS, and two unchar-
acterized genes, ytfF and ygaW. Since these genes rendered
LAX12 cells free of the growth inhibition caused by Ala-Ala,
their products, YddG, YeaS, YtfF, and YgaW, might function
as exporters of L-alanine. The characterized ORFs, yddG (9)
and yeaS (26), have indeed been found to encode exporters for

L-aromatic amino acids and L-leucine, respectively, suggesting
that L-alanine can be recognized as a minor substrate. The
uncharacterized ORFs, ytfF and ygaW, are predicted to encode
inner membrane proteins (http://gib.genes.nig.ac.jp/single/index
.php?spid�Ecol_K12_MG1655). If YtfF and YgaW export L-al-
anine, they should be localized in the membrane. YtfF belongs
to the RhtA family, most members of which possess 10 pre-
dicted transmembrane segments (TMSs) and a similar size of
about 300 amino acid residues (29). The E. coli proteins of this
family, YdeD (7), YddG (9, 38), and RhtA (29), appear to be
integrated in the membrane and export amino acids. These
findings suggest that YtfF also is a membrane protein with
export activity for L-alanine. In contrast, YgaW was peculiar in
that it is a small polypeptide of 149 amino acid residues with
four predicted TMSs (Fig. 1A). Accordingly, YgaW was as-
sumed to be a membrane protein and to function as the ex-
porter for L-alanine. Therefore, we evaluated whether or not
YgaW is a membrane protein. A protein band with a size of
about 17.5 kDa was observed in the membrane fraction of cells
harboring a recombinant plasmid with a His-tagged ygaW gene
(Fig. 1B, lane 7) but not in that of host cells harboring an
empty vector (Fig. 1B, lane 6), which corresponded to that of
the affinity-purified His-tagged YgaW protein (Fig. 1B, lane 8).
These findings taken together clearly indicate that YgaW is
localized in the membrane. It is noted that the apparent size of
the recombinant YgaW protein was different from the pre-
dicted size of 19 kDa, which is possibly due to the high hydro-
phobicity of YgaW.

L-Alanine export mediated by the identified genes. To inves-
tigate whether the products of the cloned genes are associated
with L-alanine export activity, we determined the intra- and
extracellular levels of L-alanine in the mutant LAX12, harbor-
ing a recombinant plasmid with each gene, and in the parent
strain, MLA301 (Fig. 2). When the cells were incubated with 6

FIG. 1. (A) Transmembrane topology and probability profile for
YgaW predicted using the TMHMM program, version 2.0 (http://www
.cbs.dtu.dk/services/TMHMM/) (23). The top line shows the predicted
topology with the four predicted transmembrane helices. The thin
black and gray curves show the posterior probabilities for the inside
and outside loops, respectively. The striped profile shows the proba-
bility for the transmembrane helix. (B) Cellular localization of YgaW.
Whole-cell lysate (lanes 2 and 3), soluble fraction (lanes 4 and 5), and
membrane fraction (lanes 6 and 7) were subjected to 15% SDS-polyacryl-
amide gel electrophoresis (40 �g protein each) and visualized by staining
with Coomassie brilliant blue. Lane 1, molecular marker; lanes 2, 4, and
6, BL21(DE3)/pET-15b; lanes 3, 5, and 7, BL21(DE3)/pET-YgaW; lane
8, purified His-tagged YgaW. The arrow indicates His-tagged YgaW.

FIG. 2. Time course of intracellular (A) and extracellular (B) con-
centrations of L-alanine. Cells of the Ala-Ala-hypersensitive mutant
LAX12 harboring pSTV29 (open circles), pYeaS (solid circles),
pYddG (solid triangles), pYtfF (solid squares), or pYgaW (solid dia-
monds) and MLA301 harboring pSTV29 (open triangles) were incu-
bated in minimal medium containing 6 mM Ala-Ala. The intra- and
extracellular fractions were recovered by the silicone oil method at
the time intervals indicated. L-Alanine in both fractions was deter-
mined by high-performance liquid chromatography. Data are means
of results from two (LAX12 harboring pSTV29, pYddG, or pYgaW
and MLA301 harboring pSTV29) or three (LAX12 harboring
pYeaS or pYtfF) independent experiments. Vertical bars indicate
the standard errors of the means.
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mM Ala-Ala, LAX12 harboring an empty vector accumulated
L-alanine to a high level in the cells. In contrast, the intracel-
lular L-alanine level in LAX12 bearing each gene showed lower
steady-state levels (Fig. 2A). It should be noted that the intra-
cellular L-alanine level of LAX12 possessing the ygaW gene
was lower than that in the parent, MLA301. Correspondingly,
the extracellular level of L-alanine in each transformant was
higher than that in the mutant with the empty vector (Fig. 2B).
Notably, the ygaW-bearing strain had the highest extracellular
L-alanine level. Based on the L-alanine export profile, we cal-
culated the L-alanine export rates to be 141, 153, 163, and 226
nmol/mg of cells (dry weight)/min for strains containing YeaS,
YddG, YtfF, and YgaW, respectively, which were higher than
the rate of export for LAX12 with the empty vector, 135
nmol/mg of cells (dry weight)/min. In particular, only the ex-
port rate of the mutant bearing the cloned ygaW gene was
higher than that of the parent MLA301, 181 nmol/mg of cells
(dry weight)/min. This experiment shows that the L-alanine
accumulation resulting from the defect in LAX12 is completely
complemented by introduction of pYgaW and partly reduced
by pYtfF, pYddG, or pYeaS. Figure 2B shows that pYgaW
nearly doubled the rate of extracellular L-alanine accumulation
compared to the level for LAX12, to rates slightly higher than
that for MLA301, while pYtfF, pYddG, or pYeaS had smaller
effects. The results indicated that the product of each gene
identified possesses an export activity for L-alanine. It is inter-
esting to note that ygaW-bearing LAX12 showed a profile of
transient increase in the intracellular L-alanine level similar to
that of the parent, although the concentration was significantly
lower (Fig. 2A). This result suggested that the plasmid-borne
ygaW gene might be induced in the presence of Ala-Ala as
observed in the non-L-alanine-metabolizing strain MLA301
(Fig. 2A).

Effect of ygaW gene inactivation on L-alanine export. Since
the ygaW gene had the most striking impact on the intracellular
and extracellular L-alanine levels in the dipeptide-sensitive
mutant (Fig. 2), it was assumed that YgaW would be a major
L-alanine exporter in E. coli. If this is the case, introduction
of a loss-of-function mutation in the ygaW gene in the strain
MLA301 should have a strong influence on the intra- and
extracellular L-alanine levels. To address this possibility, we
constructed an MLA301-derived mutant lacking ygaW,
MLA301�ygaW. This mutant showed the same sensitivity to
Ala-Ala (MIC, 39 �g ml�1) as that of LAX12, whereas the
parent MLA301 showed an MIC of �10 mg ml�1. We then
determined the intra- and extracellular L-alanine levels of
MLA301�ygaW in the presence of 6 mM Ala-Ala (Fig. 3). The
intracellular L-alanine level rapidly increased as in MLA301
and leveled off at around 180 mM (Fig. 3A). It should be noted
that the plateau level of L-alanine in the mutant was much
higher than the basal level observed in MLA301. Correspond-
ingly, the extracellular L-alanine level in the mutant was lower
than that in MLA301 (Fig. 3B). The ygaW-borne plasmid coun-
teracted the effect of gene inactivation on both the intra- and
the extracellular L-alanine levels. These results with the ygaW
mutant were almost the same as those of LAX12 obtained by
random chemical mutagenesis (Fig. 2) and suggest that YgaW
would significantly contribute to L-alanine export in E. coli.

Identification of a mutation in the ygaW gene. Since the
ygaW knockout mutant MLA301�ygaW showed almost the

same L-alanine export deficiency as that in LAX12 (Fig. 2 and
3), it is highly probable that LAX12 may have a loss-of-func-
tion mutation in the ygaW gene. To clarify this, we determined
the nucleotide sequence of the chromosomal ygaW gene region
in LAX12. Consequently, we found that LAX12 had a nucle-
otide change from guanine to adenine at the 374th nucleotide
from the initiation codon of ygaW, leading to the substitution
of glutamic acid for glycine at codon 125. Interestingly, this
amino acid change (G125E) resided in the fourth predicted
TMS (Fig. 1A). It is well known that an unpaired charged
amino acid residue in the transmembrane -helixes destabi-
lizes the overall structure, thereby leading to dysfunction of
integral membrane proteins (46). Thus, the mutation identified
in the ygaW gene of LAX12 is most likely to cause dysfunction
of its product. Indeed, MLA301�ygaW possessing the ygaW
gene cloned from LAX12 showed a level of Ala-Ala sensitivity
similar to that shown by MLA301�ygaW (data not shown),
indicating clearly that the mutation had led to dysfunction of
YgaW. It should be noted that there was no mutation in the
chromosome regions of the other three genes, yeaS, yddG, and
ytfF, in LAX12.

YgaW-mediated alanine excretion in the wild-type back-
ground. The L-alanine export activities of the four exporters
identified might not precisely reflect the physiological func-
tionality, since intracellular L-alanine reached a level beyond
the physiological concentration (31) in the presence of Ala-
Ala. Therefore, we assessed L-alanine export in the wild-type
background with respect to the internal amino acid pools. For
this purpose, wild-type MG1655 harboring the recombinant
plasmid with each gene was grown in minimal medium, and
amino acids in the culture supernatant were measured over
time until glucose had been exhausted. The plasmid-borne
ygaW gene provided MG1655 with an ability to excrete alanine
into the medium, reaching the highest level of about 0.7 mM,
whereas MG1655 with the empty vector did not excrete alanine
(Fig. 4A). Both cells showed almost the same growth (Fig. 4B).
The decrease in extracellular alanine after reaching the highest
level was probably due to reabsorption of the excreted alanine
since the glucose was exhausted at this time (data not shown).
In contrast, MG1655 harboring the recombinant plasmid with

FIG. 3. Effect of ygaW gene inactivation on intracellular (A) and
extracellular (B) L-alanine concentrations. L-Alanine in the intra-
cellular and extracellular fractions obtained was determined as de-
scribed in the legend to Fig. 2. Symbols: circles, MLA301; triangles,
MLA301�ygaW; squares, MLA301�ygaW/pYgaW. Typical data
from three independent experiments are shown.
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yeaS, yddG, or ytfF did not excrete alanine into the medium
(data not shown). These results clearly indicated that YgaW,
but not the other transporters, contributes to the excretion of
alanine under physiological conditions. Since alanine was ex-
creted by the wild-type strain, alanine exported by YgaW could
be the L form and/or the D form. To clarify whether YgaW could
export D-alanine, we determined the MICs of L-alanine and D-al-
anine for MLA301�ygaW and MLA301. MLA301�ygaW showed
a decreased MIC of L-alanine (1.25 mg ml�1) compared to the
level for the parent MLA301 (5 mg ml�1), whereas both strains
showed the same MIC of D-alanine (20 mg ml�1), suggesting
that YgaW exhibits stereospecificity for L-alanine.

Expression of genes involved in L-alanine export. We previ-
ously found that LAX12 lacks an inducible L-alanine export
system (18). In addition, we identified that LAX12 has a loss-
of-function mutation in the ygaW gene as described above;
accordingly, YgaW is strongly expected to be an inducible
L-alanine exporter. Thus, we investigated the transcription
level of ygaW as well as those of ytfF, yddG, and yeaS in the
presence or absence of Ala-Ala in MLA301 using the RT-PCR
method. As expected, the transcription level of ygaW was in-
creased in the presence of Ala-Ala (Fig. 5, lanes 2 and 3),

which was in good agreement with the results indicating that
the L-alanine export activity of YgaW was induced (Fig. 2A).
Similarly, an elevated transcription level of yeaS was observed
in the presence of Ala-Ala (Fig. 5, lanes 8 and 9), which is
consistent with a result reported previously (26). Expression of
ytfF was slightly increased in the presence of Ala-Ala (Fig. 5,
lanes 4 and 5).

Influence of YgaW overexpression on alanine production in
an alanine-producing strain. The next question to arise is
whether or not enhancement of alanine export capacity can
promote alanine production in an alanine-producing strain. To
address this issue, we employed an alanine dehydrogenase
gene, alaD, from Bacillus sphaericus, overexpression of which
renders E. coli cells capable of producing alanine (27).
MG1655 cells coexpressing the alaD and ygaW genes from a
multicopy plasmid produced more alanine than the strain pos-
sessing the alaD gene alone (Fig. 6A). As a result, alanine yield
after a 10-h cultivation was increased from 22.5% (MG1655/
pAlaD) to 32.7% (MG1655/pAlaD-YgaW) on a weight basis
(g/g glucose). It is noted that all strains tested exhibited almost
the same glucose consumption and growth (Fig. 6B and C).
The results indicated that enhancement of alanine export by
YgaW improved alanine production.

DISCUSSION

We identified in this study two uncharacterized genes, ygaW
and ytfF, and two characterized genes, yddG and yeaS, which
complemented the Ala-Ala hypersensitivity of a mutant lack-
ing an inducible L-alanine export system. Among these, the
ygaW gene product, YgaW, seemed to be the most physiolog-
ically relevant exporter of L-alanine on the basis of the follow-
ing lines of evidence: (i) the L-alanine exporterless-mutant,
LAX12, overexpressing YgaW showed the lowest intracellular
level and the highest export rate of L-alanine (Fig. 2), (ii)
disruption of the ygaW gene in the non-L-alanine-metabolizing
mutant MLA301 resulted in intracellular accumulation and a
reduced export rate of L-alanine in the presence of extracellu-
lar Ala-Ala (Fig. 3), (iii) yddG (9) and yeaS (26) have been
characterized to encode exporters for L-aromatic amino acids
and L-leucine, respectively, but not for L-alanine, (iv) disrup-
tion of the ytfF gene in MLA301 did not lead to a change in the

FIG. 4. YgaW-mediated alanine excretion in wild-type E. coli.
(A) Alanine concentrations in the culture supernatant. (B) Growth of
MG1655 transformants. MG1655 harboring pSTV29 (circles) or
pYgaW (triangles) was grown in minimal medium, and alanine in the
culture supernatants was determined by high-performance liquid chro-
matography. Data are means of results from three independent exper-
iments. Vertical bars in panel A indicate the standard errors of the
means.

FIG. 5. Expression analysis of the ygaW, ytfF, yddG, and yeaS genes.
The non-L-alanine-metabolizing strain MLA301 was incubated in min-
imal medium with (lanes 3, 5, 7, 9, and 11) or without (lanes 2, 4, 6, 8,
and 10) 6 mM Ala-Ala. After a 5-min incubation, total RNA isolation
and RT-PCR were performed as described in Materials and Methods.
Lane 1, molecular size marker in base pairs; lanes 2 and 3, ygaW; lanes
4 and 5, ytfF; lanes 6 and 7, yddG; lanes 8 and 9, yeaS; lanes 10 and 11,
gapA.

FIG. 6. Effect of ygaW gene amplification on alanine production.
MG1655 harboring pSTV29 (circles), pAlaD (triangles), or pAlaD-
YgaW (squares) was grown anaerobically in fermentation medium.
Alanine production (A), glucose consumption (B), and growth
(C) were determined at the time intervals indicated. Data are means of
results from three independent experiments. Vertical bars in panels A
and B indicate the standard errors of the means.
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levels of intra- and extracellular L-alanine in the presence of
Ala-Ala (data not shown), (v) wild-type MG1655 harboring the
ygaW-bearing plasmid, but not harboring the control plasmid
pSTV29 and the recombinant plasmid with yeaS, yddG, or ytfF,
excreted alanine when grown in minimal medium (Fig. 4), and
(vi) expression of the ygaW gene was significantly induced
under conditions where the intracellular L-alanine level was
increased (Fig. 5).

Amino acid exporters characterized to date and putative
exporters as well have been classified into several transporter
families. YeaS belongs to the RhtB/LysE family, whose mem-
bers are distributed widely in prokaryotes (3). YddG and YtfF
are classified into the RhtA family, the members of which are
found in prokaryotes and eukaryotes (29). However, a BLAST
search (4) showed that YgaW had a limited number of ortho-
logues with high homology (data not shown). Indeed, YgaW
homologues found by the homology search through the
MBGD (Microbial Genome Database; http://mbgd.genome.ad
.jp/) (45) under default conditions were located only in gam-
maproteobacteria and alphaproteobacteria, suggesting that the
first ancestral gene of ygaW might have originated in proteo-
bacteria some time after divergence from other bacteria. Most
of the YgaW homologues possessed four predicted TMSs and
a small size of 140 to 160 amino acid residues. Although the
structural characteristics were somewhat similar to that of a
small multidrug resistance protein family (4 TMSs, approxi-
mately 100 to 140 amino acid residues) (5), no significant
similarity was observed in the primary sequences between a
homologue of E. coli YgaW and a protein in the small multi-
drug resistance family. All of these characteristic features of
the YgaW homologues suggested that YgaW is a member of a
novel protein family.

Exporters for amino acids and their analogues are assumed
to play important roles in bacterial physiology under natural
conditions: these include excretion of intercellular signal mol-
ecules such as homoserine lactone (52), maintenance of a
balanced intracellular pool of amino acids (7, 33), and the
prevention of a buildup of the intracellular amino acid con-
centration to a toxic level under certain circumstances, such as
peptide-rich conditions (6, 33, 47). Although there is no direct
evidence that shows the physiological roles of the four export-
ers identified in this study, the physiological function of YgaW
can be predicted in relation to the distribution of its homo-
logues in the bacterial world. Orthologues with high homology
to E. coli YgaW exist in several enteric bacterial groups, such
as Salmonella enterica serovar Typhimurium (identity 87.2%)
and Citrobacter koseri (identity 87.2%), a natural habitat of
which is the mammalian intestine, and pathogenic bacterial
groups, such as Vibrio cholera (identity 62.8%), which also
infect the mammalian intestine. The environment in the intes-
tine is assumed to be peptide rich. For example, the human
intestine has a basal level of small peptides, and the level of
amino acids in peptide form increases to over 100 mM upon
consumption of protein-rich meals (2). In addition, L-alanine is
the second most abundant amino acid in proteins in nature (8).
It is, therefore, noteworthy that 1 mM Ala-Ala caused growth
inhibition of the ygaW-deficient derivative of wild-type
MG1655 on minimal medium (data not shown). Accordingly, it
is suggested that YgaW and its homologues may act as a safety

valve for L-alanine to prevent excessive accumulation of pep-
tide-derived L-alanine in the cells.

Several amino acid exporters have been demonstrated to
enhance the production of their amino acid substrates when
they were overexpressed in amino acid-producing strains (9,
12, 24, 26, 29, 36, 50). This beneficial effect is also applicable to
YgaW, since overexpression of YgaW in an alanine-producing
strain enhanced alanine production (Fig. 6). However, the
yield of alanine produced was lower than that reported previ-
ously for E. coli (44, 48, 53). The reason for this relatively low
yield is partly due to the use of the wild-type strain for con-
structing the alanine producer strain.

Based on the findings on the L-alanine export activity of the
ygaW gene product, we propose that the gene be redesignated
alaE for alanine export.
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