
JOURNAL OF BACTERIOLOGY, Oct. 1990, p. 5531-5539 Vol. 172, No. 10
0021-9193/90/105531-09$02.00/0
Copyright C) 1990, American Society for Microbiology

Cloning, Nucleotide Sequences, and Identification of Products of the
Pseudomonas aeruginosa PAO bra Genes, Which Encode the High-

Affinity Branched-Chain Amino Acid Transport System
TOSHIMITSU HOSHINO* AND KUMIKO KOSE

Mitsubishi Kasei Institute of Life Sciences, 11 Minamiooya, Machida-shi, Tokyo 194, Japan

Received 1 March 1990/Accepted 5 July 1990

A DNA fragment of Pseudomonas aeruginosa PAO containing genes specifying the high-affinity branched-
chain amino acid transport system (LIV-I) was isolated. The fragment contained the braC gene, encoding the
binding protein for branched-chain amino acids, and the 4-kilobase DNA segment adjacent to 3' of braC. The
nucleotide sequence of the 4-kilobase DNA fragment was determined and found to contain four open reading
frames, designated braD, braE, braF, and braG. The braD and braE genes specify very hydrophobic proteins
of 307 and 417 amino acid residues, respectively. The braD gene product showed extensive homology (67%
identical) to the livH gene product, a component required for the Escherichia coli high-affinity branched-chain
amino acid transport systems. The braF and braG genes encode proteins of 255 and 233 amino acids,
respectively, both containing amino acid sequences typical of proteins with ATP-binding sites. By using a T7
RNA polymerase/promoter system together with plasmids having various deletions in the braDEFG region, the
braD, braE, braF, and braG gene products were identified as proteins with apparent Mrs of 25,500, 34,000,
30,000, and 27,000, respectively. These proteins were found among cell membrane proteins on a sodium
dodecyl sulfate-polyacrylamide gel stained with Coomassie blue.

Active transport of the branched-chain amino acids L-leu-
cine, L-isoleucine, and L-valine across the Pseudomonas
aeruginosa cytoplasmic membrane is mediated by two dis-
tinct systems, LIV-I and LIV-II (13). The low-affinity LIV-II
transport system is specific for branched-chain amino acids
alone and is mediated by a Na+-coupled carrier, the product
of the braB gene, which has been cloned (14, 18, 20). The
high-affinity LIV-I transport system is operative without
Na+ and is specific for alanine and threonine in addition to
branched-chain amino acids (13). Several lines of evidence
suggest that a periplasmic binding protein (BP) is associated
with the LIV-I transport system. Osmotic shock treatment
of cells causes a preferential decrease in LIV-I transport
activity (13). The system is lost in membrane vesicles (14).
The properties of the BP for branched-chain amino acids
(LIVAT-BP) purified from the shock fluid of P. aeruginosa
cells are similar to those of the LIV-I system in substrate
specificity and affinity (15). The LIVAT-BP and LIV-I
transport system are concomitantly altered in a braC310
mutant of P. aeruginosa PAO (19). Both defects in the braC
mutant have recently been shown to be complemented by
the cloned braC gene (16), confirming the involvement of
LIVAT-BP in the LIV-I transport system.

P. aeruginosa PAO mutants defective in LIV-I with
phenotypes different from that of the braC310 mutant have
been isolated (20). Transductional analysis shows that all of
the mutations, including braC310, are closely linked and are
located between the chr-1061::TnSO and chr-1055::TnSO
loci on the P. aeruginosa PAO chromosome (20). The LIV-I
defect in MT1562, a PAO strain with a chromosomal deletion
between chr-1061 and chr-1055, is not complemented by the
cloned braC gene (16). These facts strongly suggest that
genes for components other than LIVAT-BP for the LIV-I
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transport system are also located between the chr-1061 and
chr-1055 loci.

In this report, we describe the cloning and nucleotide
sequence of the DNA segment required for complementation
of the LIV-I defect in MT1562. We also present the deduced
amino acid sequences and identification of the products of
the genes, braD, braE, braF, and braG, contained in the
cloned DNA fragment. A rationale for the requirement of
these genes for the LIV-I transport system is described in
the accompanying paper (17).

MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains and

plasmids used are listed in Table 1. Escherichia coli HB101
and JM109 were used as hosts for plasmids derived from
RSF1010 and pBR322, respectively.
Media and growth conditions. LB broth and agar (27) were

used to grow E. coli cells. Nutrient broth and agar (21) and
two minimal media, G medium (14) and D medium (13), were
used to grow P. aeruginosa strains. Amino acids or antibi-
otics, when needed, were added to final concentrations as
described previously (16). All strains were grown aerobically
at 37°C unless otherwise indicated.

Manipulation of DNA. RSF1010-derived plasmid DNA
was isolated by the boiling method of Holmes and Quigley
(12), and pBR322-derived plasmid DNA was isolated by the
alkaline lysis method of Birnboim and Doly (5). Procedures
for cloning and restriction analysis were basically as de-
scribed by Maniatis et al. (27). Transformation of P. aeru-
ginosa strains was carried out by the method of Sano and
Kageyama (36).
DNA sequencing. The DNA sequence was determined with

the 7-Deaza Sequencing Kit (Takara Shuzo, Kyoto, Japan)
by the dideoxy-chain termination method of Sanger et al.
(35). Plasmids having unidirectional deletions of the DNA
fragments cloned to pUC18 or pUC19 were generated with
the Deletion Kit (Takara Shuzo) as described by Yanisch-
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TABLE 1. Strains and plasmids used

Strain or ReferenceRelevant genotypeplasmid or source

Strains
E. coli
HB101 F- recA13 hsdR hsdM leu pro X- 6
JM109 recAl endAl gyrAl hsdRJ7 45

A(lac-proAB)(F' traD36 proAB
lacIq ZAvM15) A-

B7634 ileA hrbA hrbB hrbC hrbD 44
K38 HfrC 34

P. aeruginosa
PA03012 trp-6 22
MT1562 argB18 chl-2 rif-8001 A(chr-1061:: 41

Tn501-chr-1055: :TnS01)
Plasmids
pUC18 Cb' (Apr) 45
pUC19 Cb' (Apr) 45
pKT240 Cbr (Apr) Kmr 2
pTH1 Kmr X cos braC 16
pGP1-2 Kmr c1857 Pa 39
PT7-5 Cbr (Apr) S. Tabor
PT7-6 Cb' (Apr) S. Tabor

a The structural gene for the bacteriophage '17 RNA polymerase, which is
under the control of the bacteriophage promoter PL in pGPl-2.

Perron et al. (45). DNA templates for sequencing were
prepared from the double-stranded plasmids by the method
of Hattori and Sakaki (9).

Exclusive labeling of plasmid proteins by using a T7 RNA
polymerase/promoter system. E. coli cells containing both
pGP1-2 and a pT7 recombinant plasmid grown at 30°C to the
mid-exponential phase were harvested, washed once, and
suspended in the same volume of Vogel-Bonner medium (42)
supplemented with 20 p,g of thiamine and 50 ,ug of each
amino acid except cysteine and methionine per ml. A 1-ml
sample of cells was incubated at 30°C for 30 min and then at
42°C for 15 min. The cell suspension was supplemented with
rifampin (20 ,ug/ml) and left at 42°C for additional 10 min.
The cells were incubated at 30°C for 20 min and then pulsed
with 15 ,uCi of [35S]methionine for 5 min. Cells were col-
lected by centrifugation for 1 min and suspended in 100 RI of
sample buffer for sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis (PAGE) (24). The samples were
left overnight at room temperature and incubated at 37°C for
30 min before electrophoresis.

Preparation of membrane fractions. Membranes from a
small-scale culture (5 ml) were prepared at 4°C or ice-chilled
temperature unless otherwise stated. Harvested cells were
washed once with 10 ml of 10 mM Tris hydrochloride (pH
7.8) containing 0.1 M NaCl and 0.1 mM dithiothreitol (TND
buffer) and resuspended in 1 ml of TND buffer. Cells were
disrupted by sonication with a Branson Sonifier. The soni-
cated suspension was centrifuged twice at 6,000 x g for 10
min to remove unbroken cells. The supernatant was centri-
fuged at 40,000 x g for 1 h to sediment membranes.
Fractionation of inner and outer membranes was carried out
with a 100-ml-scale culture by the method of Osborn et al.
(32), using a 25 to 55% sucrose density gradient.
Other methods. Transport activities of P. aeruginosa and

E. coli strains were assayed with whole cells grown in G
medium and LB broth, respectively. The initial rates of
leucine transport via the LIV-I system were determined at
37°C with 10 mM glucose and 2 puM [U-14C]leucine as
described previously (13). SDS-PAGE was carried out by
the method of Laemmli (24) on a 12% gel. The protein
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FIG. 1. Cloning and localization of genes necessary for restora-
tion of the LIV-I transport activity to P. aeruginosa MT1562. The
restriction map of part of the DNA fragment carried on pTH1 (16) is
shown at the top. The open arrow under the map indicates the
location and direction of transcription of braC, the structural gene
for LIVAT-BP (16). The 15-kb EcoRI fragment of pTH1 was cloned
into pKT240, generating pKTH11. The other pKTH plasmids shown
are the deletion derivatives of pKTH11. Restoration of azaleucine
sensitivity to MT1562 transformed by the plasmids was examined as
described in the text. S, Sensitive; R, resistant. Restriction sites are
abbreviated as follows: Bg, BglII; C, ClaI; E, EcoRI; H, HindIll;
Hp, HpaI; K, KpnI; S, Sall; Ss, Sacl; X, Xhol.

content of the preparations was determined by the method of
Lowry et al. (26), with bovine serum albumin used as a
standard.
Enzymes and chemicals. Restriction endonucleases were

purchased from Toyobo (Osaka, Japan) or Takara Shuzo. A
large fragment of E. coli DNA polymerase (Klenow frag-
ment) and T4 DNA ligase were also from Takara Shuzo.
Azaleucine and rifampin were from Sigma Chemical Co. (St.
Louis, Mo.). [U-14C]leucine (342 mCi/mmol), [35S]methio-
nine (1,000 Ci/mmol), and [a-32P]dCTP (400 Ci/mmol) were
obtained from Amersham (Buckinghamshire, England). All
other chemicals used were commercial products of analyti-
cal grade.

RESULTS
Cloning of the DNA fragment containing a gene cluster for

LIV-I. Plasmid pTH1, derived from pMMB34, contains a
40-kilobase-pair (kb) chromosomal DNA fragment around
the braC gene (16). We initially attempted to determine
whether pTH1 or its derivatives could confer the LIV-I
transport activity on P. aeruginosa MT1562, which has an
extensive chromosomal deletion around the braC gene. This
strain was found, however, to be rather resistant to kana-
mycin, making it difficult to select transformants or excon-
jugates carrying the pMMB34-derived plasmids. Thus, var-
ious EcoRI fragments of pTH1 were subcloned into pKT240
having a Cbr marker, another shuttle vector derived from
RSF1010. P. aeruginosa MT1562 transformants of these
plasmids were tested for sensitivity to azaleucine, a toxic
leucine analog specific for the LIV-I transport system (19).
Plasmid pKTH11, carrying the 15-kb EcoRI fragment, was
found to confer sensitivity on MT1562. A restriction map of
the EcoRI fragment carried on pKTH11 is shown in Fig. 1.
To locate precisely the genes capable of conferring azaleu-
cine sensitivity, various deletion derivatives of pKTH11
were constructed (Fig. 1). Elimination of the DNA region
upstream of the braC gene did not affect the ability to confer
azaleucine sensitivity on MT1562, suggesting that no gene
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SEQUENCES OF THE P. AERUGINOSA LIV-I TRANSPORT GENES

TABLE 2. Leucine uptake by various P. aeruginosa
and E. coli strains

Leucine uptake
Strain (nmol/mg of

protein per min)

PA03012(pKT240) ........................................ 8.6
PA03012(pKTH24) ............. 41.3
MT1562(PKT240) ........................................ 0.7
MT1562(pKTH11) ........................................ 24.1
MT1562(pKTH12) ........................................ 21.5
MT1562(pKTH13) ........................................ 1.0
MT1562(pKTH22) ........................................ 21.8
MT1562(pKTH24) ........................................ 25.1
MT1562(pKTH25) ........................................ 0.9
MT1562(pKTH26) ........................................ 0.8
B7634(pUC18) ........................................ 0.4
B7634(pUBR8) ....................... ................. 30.1
B7634(pUBR9) ........................................ 0.3

required for the! LIV-I transport system is involved in this
region. The 5.3-kb Sacl-Sall fragment (i.e., the braC gene

and the 4-kb fragment adjacent to 3' of braC) was found to be
large enough to restore azaleucine sensitivity to strain
MT1562, whereas the 5.0-kb Sacl-Bglll fragment failed to do
so.

Leucine transport activities of the strains transformed
with pKTH11 and its derivatives were determined under the
LIV-I assay conditions (Table 2). All of the plasmids con-

ferring azaleucine sensitivity regained the leucine uptake by
LIV-I in strain MT1562 to a level three- to fivefold higher
than that in wild-type strain PA03012. Plasmid pKTH24 also
enhanced severalfold the LIV-I transport activity in
PA03012, showing a gene dosage effect. The 5.3-kb Sacl-
KpnI fragment carried on pKTH24 was further subcloned
into pUC18 and pUC19, generating pUBR8 and pUBR9,
respectively. Plasmid pUBR8 restored leucine uptake to
strain B7634, an E. coli mutant defective in the branched-
chain amino acid transport systems (Table 2), suggesting
strongly that all of the genes necessary for the LIV-I system
are retained in the 5.3-kb Sacl-Sall fragment carried on
pKTH24. The fact that plasmid pUBR9 failed to confer
leucine transport activity on B7634 suggests that expression
of the genes for LIV-I carried on pUBR8 is due to the lac
promoter of pUC18.

Nucleotide sequence of the bra gene cluster for LIV-I. The
nucleotide sequence of the 5.3-kb Sacl-Sail fragment was
determined by the dideoxy-chain termination method (35).
The sequencing strategy and the relevant restriction sites are

shown in Fig. 2. Sequencing with each clone having a

unidirectional deletion in the cloned fragment was carried
out at least twice, and the entire sequences of both strands
were determined. Figure 3 shows the nucleotide sequence of
the bra gene cluster for the LIV-I transport system. Four
long open reading frames, positions 1538 to 2458, 2458 to
3708, 3708 to 4472, and 4478 to 5176, were found in the
region downstream from the braC gene (Fig. 2 and 3). These
reading frames are preceded by possible ribosome-binding
sites (Shine-Dalgarno sequences). We designated them
braD, braE, braF, and braG, respectively, on the basis of
the observations described below.
The intercistronic region between the braC and braD

genes is 260 base pairs (bp) in length and is the only
extensive intercistronic region within the bra gene cluster.
The braF and braG genes are separated by only 2 bp
excluding the stop codon, whereas no intercistronic space
was found between the braD, braE, and braF genes. The
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FIG. 2. Restriction map and sequencing strategy for the bra
genes and their flanking regions. The nucleotide sequence of the
SmaI-HpaI fragment containing the braC gene has been described
previously (16). The arrows indicate sequencing directions (5' to 3')
and lengths of sequences determined by the dideoxy-chain termina-
tion method. The plasmid clones for sequencing were constructed
by unidirectional deletion of the insert of pUBR8 or by subcloning
appropriate restriction fragments into pUC18. The open arrows
under the map show the location and direction of transcription of the
open reading frames for the braC, braD, braE, braF, and braG
genes. Plasmid pUBR8 contains the additional SalI-KpnI fragment
consisting of 39 bp (Fig. 1), which is not shown. Restriction site
abbreviations are as for Fig. 1, with the following additions: B,
BamHI; N, NaeI; Sm, SmaI; Sp, SphI.

initiation codons of braE and braF overlap the termination
codons of braD and braE, respectively. We showed previ-
ously (16) that there exists in the 3'-flanking region of braC
a palindromic sequence with several T bases (positions 1295
to 1325) typical of the Rho-independent transcriptional ter-
mination signals (33). Such a sequence was also found in the
3'-flanking region of braG. This dyad symmetry with a T
cluster (positions 5212 to 5237) could lead to the formation of
a stable stem-loop structure in the corresponding transcript
with a calculated free energy value of -27.0 kcal (ca. 113.0
kJ) (40).
Amino acid sequences of the bra gene products. The braD,

braE, braF, and braG genes specify proteins of 307, 417,
255, and 233 amino acid residues with molecular masses of
32,511, 45,558, 28,281, and 25,590 daltons, respectively. The
amino acid sequences of these gene products deduced from
the nucleotide sequences are shown in Fig. 3. Amino acid
compositions indicate that the BraD and BraE proteins are
highly hydrophobic (74% nonpolar). The BraE protein con-
tains 21 acidic and 33 basic amino acid residues, giving an

excess of 12 positive charges at neutral pH, showing that the
BraE protein is extremely basic. The BraD, BraF, or BraG
protein, on the other hand, gives an excess of only one basic,
two basic, or two acidic residues, respectively. The hydrop-
athy profiles of the Bra proteins were obtained by a nine-
residue span by the method of Kyte and Doolittle (23) (Fig.
4). The profiles clearly show that the BraD and BraE
proteins have about 10 hydrophobic segments of an average
length of 20 amino acid residues which are very likely to
span the cell membrane, whereas the BraF and BraG pro-
teins are hydrophilic throughout their sequences.
Comparison of the amino acid sequences of the Bra

proteins revealed extensive identity over the entire regions
of BraF and BraG: 34% of the total residues of BraG were
identical with those of BraF when gaps of 5 and 15 residues
were introduced in the N-terminal and middle regions,
respectively, of the BraG sequence. If the conservative
substitutions (29) were considered, the BraG protein showed
56% identity with the BraF protein. Both proteins contain
the sequences G-X-X-G-X-G-K-T/S and h-h-h-h-D-E (h rep-
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GAGCTCGCCGTGCCGTGCTTTTCAAGCGACGAAGCGCCGCTCTACACTGTACCGGTACAGT TCCCGGGGTCCGTCCATGACGATCACCCGGTCTCCTCCGGCCCCCGCGGCCGCGAGAC; 120

* ~~~~braC 24
ACAACAATGACAACACACAAGAAGAGT - CACTATGAAGAAGGGTACTCAGCGTCTATCCCGCCTGTTCGCCGCGATGGCCATTGCCGGGTTCGCCAGCTACTCCATGGCCGCCGACA 240

MetLysLysGl yThrGl nArgLeuSerArgLeuPheAl aAl aMetAl al 1eAl aGl yPheAl aSerTyrSerMetAl aAl aAspT

CCATCAAGATCGCCCTGGCTGGCCCGGTCACCGGTCCGGTAGCCCAGTACGGCGACATGCAGCGCGCCGGT GCGCTGATGGCAATCGAACAGATCAACAAGGCAGGCGGCGTGAACGGCG 360

hr l 1eLys Il1eAl aLeuAl aGl yProVal ThrGl yProVal A1aGl nTyrGl yAspMetGl nArgAl aGl yAl aLeuMetAl all1eGl uGl n I1eAsnLysAl aGl yGl yV alAsnGl yA

CGCAACTCGAAGGCGTGATCTACGACGACGCCTGCGATCCCAAGCAGGCCGTGGCGGTCGCCAACAAGGTGGTCAACGACGGCGTCAAGTTCGTGGTCGGTCATGTCTGCTCCAGCTCCA 480

1 aGl nLeuGl uGl yVaill eTyrAspAspAl aCysAspProLysGl nAl aVal A1aValA1laAsnLysV al Val AsnAspGl yVal LysPheVal Val G1yHi sVa 1CysSerSerSerT

CCCAACCCGCCACCGACATCTACGAAGACGAAGGCGT GCTGATGATCACCCCGTCGGCCACCGCCCCGGAAATCACCTCGCGCGGCTACAAGCTGATCTTCCGCACCATCGGCCTGGACA 600

hrGl nProAl aThrAspI 1eTyrGl uAspGl uGl yValLeuMetl 1eThrProSerAl aThrAl aProGl uI 1eThrSerArgGl yTyrLysLeull1ePheArgThrIl1eGlyLeuAspA

ACATGCAGGGCCCGGTGGCCGGCAAGTTCATCGCCGAACGCTACAAGGACAAGACCATCGCGGTACTGCACGACAAGCAGCAGTACGGCGAAGGCATCGCCACCGAGGTGAAGAAGACCG 720

snMetGlnGlyProValAl aGlyLysPhel leAl aGluArgTyrLysAspLysThrl1eAl aValLeuHi sAspLysGl nGl nTyrGl yGl uGl yI 1eAl aThrGl uValLysLysThrV

TGGAAGACGCCGGCATCAAGGTTGCCGTCTTCGAAGGCCTGAACGCCGGCGACAAGGACTTCAACGCGCTGAT CAGCAAGCTGAAGAAAGCCGGCGTGCAGTTCGT CTACTTCGGCGGCT 840

al G1uAspAl aGl yI 1eLysV al A1aVal PheGl uGl yLeuAsnAl aGl yAspLysAspPheAsnAl aL euIleSerLysL euL ysL ysAl aGl1yVala1G1nPheV al TyrPheGl yGl yT

ACCACCCAGAAATGGGCCTaCTGCTGCGC'CAGGCCAAGCAGGCCGGGCTGGACGCGCGCTTCAT GGGCCCGGAAGGGGTCGGCAAC AGCGAAATCACCGCGATCGCCGGCGACGCTTCGG 960

yrHi sProGl uMetGl yLeuLeuLeuArgGl nAl aLysGl nAl aGl yLeuAspAl aAr gPheMetGl1yProGl1uGl1yV al1Gl1yAsnSerGlu Il1eThrAl aI 1eAl aGl yAspAl aSerG

AAGGCATGCTGGCGACCCTGCCGCGCGCCTTCGAGCAGGATCCGAAGAACAAGGCCCTGATCGACGCCTTCAAGGCGAAGAACCAGGATCCGAGCGGCATCTTCGTCCTGCCCGCCTACT 1080
1 uGl yMetLeuAl aThrLeuProArgAl aPheGl uGl nAspProLysAsnLysAl aLeu Il1eAspAl aPheLysAl aLysAsnGl nAspProSerGl yI 1ePheVal LeuProAl aTyrS

CCGCGGTCACAGTGATCGCCAAGGGCATCGAGAAAGCCGGCGAGGCCGATCCGGAGAAG'GTCGCCGAGGCCCTGCGCGCCAACACCTTCGAGACTCCCACCGG6MCCTC6G6TTCGACG 1200
erAl aVa1ThrV a 1I 1eAl aLysGl yl 1eG1uLysAl aG}yGl uAl aAspProG 1uLysV al A1aGl uAl aLeuArgAl aAsnThrPheGl1uThrProThrGl yAsnLeuG 1yPheAspG

AGAAGGGCGACCTGAAGAACTTCGACTTCACCGTCTACGAGTG6GCACAAGGACGCCACCCGGACCGAGGTCAAGTAAGCATCGTTGCAGTACGGAGCCCACGTCACCCACCGTGGGCTTT 1320
1 uLys61 yAspLeuLysAsnPheAspPheThrVal TyrGluTrpHlisLysAspAlThrArgThGlhuValVLsENDs'N*

GTTTTAGTACCCGCATGATTCCGCGAGCGGCGGCCCGGCAAGGGCAGGCGAAGACCGGCAGCGTTCACTCCTG6TGGACGGGAGCGCGGCTTTCCCCTGCCTCCCGCCGGCCCGCCGCGC 1440

GCCGGATCGT'GACGGGTCTCAGCAGCGTTCCGGCCCCACACCCGCGAGCCGAACGTCTACCTGCCGTACAACGGCGGGCGTTTAGCG "TCC5A;TaCCCGAGATTTATCATTACCT 1560
MetProGl u I1eTyrHisTyrLe

ACAACAATTGGTTAACGGCCTGACCGTCGGCAGCACCTATGCGCTGATCGCGATCGGCTACACCATGGTCTACGGCATCATCGGCATGATCAACTTCGCCCACGGCGAGGTGTACATGAT 1680
uG)nGlnLeuValAsnGlyLeuThrValGlySerThrTyrAl aLeuI leAl aIleGlyTyrThrMetValTyrG1ylIleI leG1yMetIlieAsnPheAl aHisG1yGluValTyrMtI 1

CGGCTCGTACATCGCCTTCATCGCCATCACCCTGCtGGCGATGATGGGGCTGGACAGCGTTCCGCTGATGATGCTCGCCGCATTCGCCGCCAGCATCATCGTCACCAGTGCTTTCGGCTA 1800
e61 ySerT'yrI leAl aPheI leAl aI1eThrLeuLeuAl aMetMetG1yLeuAspSerValProLe'uMetMetLeuAl aAl aPheAl aAl aSerlI1el1eValThrSerAl aPhe61 yTy

CAGCATCGAGCGGGTCGCCTACCGCCCGTTGCGCGGCG6C.AACCGCCTG'ATCCCGCTGATCTCCGCGATCG6CATGTCGATCTTCCTGCAGAACGCCGTGATGCTCTCGCAGGACTCCAA 1920
rSerl leG1uArgVal A1aTyrArgProLeuArg61 yGl yAsnArgLeu I 1eProLeul 1eSerAl al 1eGl yMetSerl 1ePheLeu61 nAsnAl aVal MetLeuSer61 nAspSerLy

GMA6CATCCCGACCCTGCTGCCCGGCAACTTCGTGTTCGGCGAAAGCAGCATGAACGGCGTGGTGATCTCCTATATGCAGATCCTGATCTTCGTCGTCACCTTCCTGGTGATGTT 2040
sG1uLysAl al leProThrLeuLeuProG1yAsnPheVal Phe61 yGl uSerSerMetAsnGl yVal ValIlieSerTyrMetGl nll1eLeuI lePheVal ValThrPheLeuVal MetPh

C66CCTCACCCTGTTCATCTCCCGTTCCCGCCTGGGCC6C6tCCTGCCGCGCCTGCGCCGAGGACCTGAAGATGACCMACCTGCTGGGTATCAACAGCAACAACATCATCGCCCTCACCTT 2160
eG1 yLeuThrLeuPheIl1eSerArgSerArgLeuGl yArgAl aCysArgAl aCysAl aGl uAspLeuLyslMetThrAsnLeuLeuGl yI 1eAsnSerAsnAsnlI 1el 1eAl aLeuThrPh

CGTCATCGGCGCCGCCCTGGCCGCCGTCGCCGCGGTGCTGCTGGGCATGCAGTACGGCGTGATCAACCCCGGGATCGGCTTCCTCGCCGGGATCAAGGCGTTCACCGCCGCGGTGCTCGG 2280
eVail 1eGl yAl aAlaLeuAl aAl aVaAlA1aAl aValLeuLeuGl yMet61 nTyrGl yVaIl 1eAsnProGl yIl1eGl yPheLeuAl aGl yI 1eLysAl aPheThrAl aAl aVal LeuGl

CGGCATCGGTAGCATCCCCGGCGCCATGCTCGGCGGCCTGCTGCTGGGCGTCGCCGAAGCCTTCGGCGCCGACGTGTTCGGCGACCAGTACAAGGACGTGGTGGCCTTCGGCCTGCTGAT 2400
yGl yI 1e61ySer I eProGl yAl aMetLeu61 yGl yLeuLeuLeuGl yVaAlA1a61 uAl aPhe61 yAl aAspVal Phe61 yAspGl nTyrLysAspVal VaAlA1aPheGl yLeuLeuI 1

CCTGGTGCT6CTGTTCCGACCTACCGGCATCCTCGGTCGTCCV TG6MAAM6ATATGAGCCAGTCCCTCAAGCGCGCGCTGTTCAGCGCCCTCCTCaTGATCCTGGTGTCCTATCCa 2520
eLeuValLeuLeuPheArgProThrG1 yI 1eLeuGl yArgProGl uVal G1uLysVal END LysArgAl aLeuPheSerAl aLeuLeuValI 1 eLeuVal SerTyrPro

MetSerGl nSerLeu

ATCCTAGGCCTGAAGCTGC6GCACCGTCGGCATCAAGCTCGAGGTCCTCGGCGCCGATGCGCAGACCCTCTGGACCATCGCCGCGGCCGCCCTGGCCATGTTCGTCTGGCAGCTGTTCCGC 2640
I leLeuG1yteuLysLeuArgThrValG1 y1leLyrsLeuGluValLeuGl yAl aAspAl aGlnThrLeuTrpThrIlieAl aAl aAl aAl aLeuAl aMetPheValTrpGlnLeuPheArg

GACCGCATCCCGCTCAAGCTGGGTCGCGGCGTCGGCTACAAGGTCAACGGCAGCGGCCTGAAGAACTTCCTCAGCCTGCCATCGACCCAGCGCTGGGCGGTCCTCGCCCTGGTCGTGGTG 2760
AspArgI eProLeuLysLeuGl yArgGlyYVal G1yTyrLysVal AsnG 1ySerGl1yL euLysAsnPheLeuSerLeuProSerThrGl nArgTrpAl aV alLeuAl aLeuVal ValV aI

FIG. 3. Complete nucleotide sequence of the 5.3-kb Sacl-Sall fragment and the deduced amino acid sequences of the braC, braD, braE,
braF, and braG gene products. Nucleotide numbering begins with the first base of the Sacl site. The probable ribosome-binding sites
(Shine-Dalgzarno scqucnces) of the bra gzenes are shown bv the double lines. The putative transcrintional termination sigynal in the
intercistronic region between braC and braD and that in the 3'-flanking region of braG are indicated by the converging arrows.
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GCTTTCGTCTGGCCGTTCTTCGCCTCGCGCGGGGCGGTGGACATCGCCACCCTGATCCTGATCTACGTGATGCTCGGCATCGGCCTGAACATCGTGGTCGGCCTGGCCGGCCTGCtCGAT 2880
A1 aPheVal TrpProPhePheAl aSerArgGl yAI aVal AspI 1eAl aThrLeu I 1eLeu I 1eTyrVal MetLeuGl yI 1eGl yLeuAsnl eVal Val GlyLeuAl aGlyLeuLeuAsp

CTCGGCTACGTCGGCTTCT'ACGCGGTAGGTGCCTACACCTACGCGCTGCTCGCCGAGTACGCCGGGTTCGGCTTCTGGACCGCCCTGCCGATCGCCGGGATGATGGCCGCGCTGTTCGGC 3000
LeuGlyTyrValGlyPheTyrAlaValGlyAlaTyrThrTyrAl aLeuLeuAlaGluTyrAlaGlyPheGlyPheTrpThrAlaLeuProI leAlaGlyM4etMetAlaAlaLeuPheGly

TTCCTCCTCGGCTTCCCGG'TGCTGCGCCTGCGCGGCGACTACCTGGCGATCGTGACCCTCGGCTTCGGCGAGATCATCCGCATCCTGCTGCGCAACATGACCGAGATCACCGGCGGCCCC 3120
PheLeuLeuGlyPheProValLeuArgLtuArgGlyAspTyrLeuAl al leValThrLeuGlyPheGlyGluI leIl eArglIeLeuLeuArgAsnMetThrGlulleThrGlyGlyPro

AACGGCATCGGCTCGATCCCCAAGCCGACCCTGTTCGGCCTGACCTTCGAACGCCGCGCaCCGGAAGGCATGCAGACCTTCCACGAGTTCTTCGGCATCGCCTACAACAiCAACTACAAi 3240
AsnGlylleGlySerIleProLysProThrLeuPheGlyLeuThrPheGluArgArgAl aProGl uGlyMetGlnThrPheHi sGluPhePheGlyl leAlaTyrAsnThrAsnTyrLys

GTCATCCTGCTCTACGTGG'TGGCCCTGCTGCTGGTGCTGCTGGCCCTGTTCGTGATCAACCGGCTGATGCGCATGCCGATCGGTCGCGCCtGGGAAGCGCTGCGCGAGGACGAATGGCC 3360
Val I1 eLeuLeuTyrVal Val Al aLeuLeuLeuVal LeuLeuAl aLeuPheVal I 1 eAsnArgLeuMetArgMetProl 1 eGl yArgAl aTrpGl uAl aLeuArgGl uAspGl uVal Al a

TGCCGCGCTCTCGGTCTCAMCCCGACCATCGTCAAGCTCTCCGCCTTCACCATCGGCGCCAGCTTCGCCGGTTTCGCCG'GCAGCTTCTTCGCCGCCCGCCAGGGCCTGGTGACGCCTGAG 3480
CysArgAlaLeuGlyLeuAsnProThrlleValLysLeuSerAlaPheThrl 1eGlyAlaSerPheAlaGlyPheAlaGlySerPhePheAlaAlaArgGlnGlyLeuValThrProGlu

TCCTTCACCTTCATCGAGTCGGCGATGATCCTTGCGATCGTCGTGCTCGGCGGCATGGGTTCGCAGCTCGGCGTGATACTCGCCGCGGTGGTGATGGTGCTGCTCCAGG6AMT6C6GG 3600
SerPheThirPhel 1eGluSerAl aMetl 1eLeuAl al 1eVal Val LeuGl yGlyMetGlySerGl nLeuGlyVallIl1eLeuAl aAl aVal Val MetValLeuL'euG1nG1uM4etArgG1y
-....ba'60

TTCAACGAATACCGCATGCTGATCTTCGGCCTGACCATGATCGTGATGATGATCTGGCGTCCCCAGGGACTGCTGCCGATGCAACGCCCGCACCT .MTGAAGC&r6A$CC6ACCCA 3720
PheAsnGluTyrArgMetLeul 1ePheGlyLeuThrMetlIeValMetMetIl1eTrpArgProGlnGlyLeuLeuProMetGlnArgProHisLeuGueuLysProEND

MetSerArgProl

TTCTCGAAGTGAGCGGCCTGACCATGCGCTTCGGCGGCCTGCTGGCCGTCAACGGCGTCMCCTGAAGGTCGAGGAAAAGCAGGTGGTCTCGATGATC66CCCGAACGGCGCCGGCAAGA 3840
1 eLeuGl uVal SerGl yLeuThrMetArgPheGl yGl yLeuLeuAl aVal AsnGl yVal AsnLeuLysVal G1uGl uLysGl nVal Val SerMet IleGly ProAsn61 yAl^G1yrLysT

CCACCGTG6tTCAACTGCCTGACCGGCTTCTACCAGCCCACCGGCGGCCTGATCCGCCTCGACGGCGAGGAGATCCAGGGCCTG6CCCGGTACACMGATCGCTCGCAAGGGC6TGGTGC6GGA 3960
hrThrVal PheAsnCysLeuThrGlyPheTyrGl nProThrGlyGlyLeuI 1eArgLeuAspGlyGl uGl uIleGl nGlyLeuProGl yHi sLys IleAl aArgLysGlyVal ValArgT

CCTTCCAGAACGTCCGCCTGTTCAAGGAAATGACCGCGGTGGAGAACCTGCTGGTCGCCCAGCACCGCCACCTCMACACCAACTTCCTCGCCGGCCTGTTCAAGACCCCGGCATTCCGCC 4080
hrPheGl nAsnVal ArgLeuPheLysGl uMetThrAl aVal Gi uAsnLeuLeuVal A1 aG nHH sArgHi sLeuAsnThrAsnPheLeuAl aGl yLeuPheLysThrProAl aPheArgA

GCAGCGAGCGCGAGGCCATG6AGTACGCCGCGCACTGGCTGGAGGAAGTCAACCTTACCGAGTTCGCCM~CCG;CAGCGCCGGCACCCTCGCCTATGGCCA6CAGCGAC6CCTGGAGATCa 4200
rgSerGl uArgGluAl aMetGluTyrAl aA1 aHi sTrpLeuGl uGl uVal AsnLeuThrGl uPheAl aAsnArgSerAl aGlyThrLeuAl aTyrGlyGlnGl nArgArgLeuGl uI 1eA

CCCGCTGCATGATGACCCGCCCGCGGATCCTCATGCTCGACGAGCCGGCCGCCGGCCTCAACCCGAAGGAGACCGACGACCTCAAGGCGCTGATCGCCAAGCTGCGCAGCGAGCACAACG 4320
1 aArgCysMetMetThrArgProArgl 1 eLeuMetLeuAspGl uProAl aAl aGl yLeuAsnProLysG6 uThrAspAspLeuLysAl aLeul eAl aLysLeuArgSerGl uHi sAsnV

TGACGGTATTGCTGATCGAGCACGACATGMGCTGGTGATGAGCATTTCEGACCATATCGTGGT'GATCA'CCAGGGCGCCCCCCTGGCCGACGGGACGCCGGAGCAGATECGCGACAACE 4440
alThrValLeuLeulleGluHisAspMetLysLeuVal4MetSerl1eSerAspHislI eVal Val IleAsnG6nGlyAlaProLeuAlaAspGlyThrProGluGlnI leArgAspAsnP

* * * rCGGACGTGATCAAGGCTTA'TCT6GGGGGMGCGTGAGCATGCTGAGTTTCGACAAGGTTTCCACCTACTACGGCAAGATCCAGGCGCTGCACGACGTCAGCGTGGAAGTGAAGAAGGGCGA 4560
roAspVal I 1eLysAlaTyrLeuGlyGlTuAlaEND MetLeuSerPheAspLysValSerThrTyrTyrGlyLysIleGlnAlaLeuHisAspValSerValG1uValLysLysGlyGl

GATCGTCACCCTGATCGGC6CCAACGGCGCC66CAAGTC6ACCCTGCTG'ATGACGCTCTGCGGCTCGCCGCAGGCGGCCAGCGGCAGCATCCGCTACGAM6GCGAGG6MCTGGTCGGCCT 4680
ul1eValThrLeulleGlyAlaAsnGlyAla6lyLysSerThrLeuLeuMetThrLeuCysGlySerProGlnAlaAlaSerGlySerl leArgTyrGluGlyGluGluLeuValGlyLe

GCCCTCCTCCACCATCATGCGCAAGAGCATCGCGGTGGTCCCGGAAGGCCGCCGGGTCTTCTCCCGCCTGACGGTGGAAGAAAACCTGGCGATGGGCGGCTTCTTCACCGACAAGGACGA 4800
uProSerSerThr IleMetArgLysSer IleAl aVal ValProGluGlyArgArgVal PheSerArgLeuThrVa1G1uGluAsnLeuAl aMetGlyGlyPhePheThrAspLysAspAs

CTACCAGGTGCAGATGGACAAGGTGCTGGAACTCTTCCCGCGCCTGAAGGAACGCTACGAACAGCGCGCCGGGACCATGTCCGGCGGCGAACAGCAGATGCTCGCCATCGGCCGCGCGCT 4920
pTyrGI1nVa1GI1nMetAspLysV a1LeuGl uLeuPheProAr gL euLysGI1uAr gTyrGl1uGl nArgAl aGl yThrMetSerGl1yGl y61uGl nGI1nMetLeuAl aI1eGl yArgAl aLe

GATGAGCAAGCCAAAGCTGTTGCTGTTGGACGAACCTTCGCTCGGCCTGGCGCCGATCATCATCCAGCAGATCTTCGAGATCATCGAGCAGTTGCGTCGCGAAGGCGTCACCGTGTTCCT 5040
uMetSerLysProLysLeuLeuLeuLeuAspGl uProSerLeuGl yL euAl aPro I 1e Ile I 1eGI1nGl n I1ePheG]ulu1e I 1eGl uGl nLeuArgArgGl uGl yVal ThrVal PheLe

CGTCGAGCAGAACGC CAACCAGGCGT TGAAGCTCGCCGATCGCGCCTACGTGCTGGAGAACGGCCGGATCGTCAT GCACGACACCGGCGCCGCCCTGCTGACCAACCCGAAGGTGCGCGA 5160
uVal G1 uGi nAsnAl aAsnGl nAl aLeuLysLeuAl aAspArgAl aTyrVal LeuGl uAsnGl yArgl 1 eVal MetHi sAspThrGl yAl aAl aLeuLeuThrAsnProLysVal ArgAs

CGCCTACCTCGGCGGCTGAGCACCGTCCCGCCGGAGACTTCAGCGCATACGAAAACGGCCCTCACGGGCCGTTTTTTATGCCGAGGCGTACCGGCTACAGGCCGTAGCGCTCGATAGCGT 5280
pAlaTyrLeuG1yG1yEND

CCAGGTGCGGCTGGGTGTCGAC 5302

FIG. 3-Continued.
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FIG. 4. Hydropathy profiles of the BraD, BraE, BraF, and BraG

proteins. Positions of the charged amino acid residues of the BraD
and BraE proteins are also shown: +, Lys or Arg; I, Asp or Glu.
The open and solid bars in the profiles of BraF and BraG indicate the
locations of the sequences containing G-X-X-G-X-G-K-T/S and
h-h-h-h-D-E (h represents hydrophobic amino acid), respectively,
both of which are considerably conserved among the ATP-binding
components involved in periplasmic BP-dependent transport sys-
tems in E. coli and S. typhimurium (1, 11).

resents hydrophobic amino acid) (Fig. 3), which are known
to be consensus sequences for ATP-binding proteins (1, 43).
No significant homology was found between BraD and
BraE, the intrinsic membrane proteins. However, the BraD
protein showed striking homology with the livH gene prod-
uct, a component required for the E. coli high-affinity
branched-chain amino acid transport systems (LIV-I and Ls)
(30). The BraD and LivH proteins are of a similar size,
containing 307 and 308 amino acids, respectively. The amino
acid sequences are extensively conserved, giving 205 iden-
tical amino acid residues (67%) and 59 conservative substi-
tutions (19%).

Identification and localization of the bra gene products. To
identify the bra gene products by controlled expression with
the T7 RNA polymerase/promoter system of Tabor and
Richardson (39), plasmid pT7-5 and pT7-6 derivatives carry-

ing various portions of the bra gene cluster were constructed
to generate the pTDG plasmids (Fig. 5). These plasmids
were introduced into strain K38(pGP1-2) and tested for
expression of the bra genes. When the strain carrying
pTDG50 was heat induced, four proteins with apparent Mrs
of 25,500, 27,000, 30,000, and 34,000 were detected (Fig. 6,
lane a). On the other hand, none of the proteins were

synthesized by the strain carrying pTDG50 incubated at 30°C
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FIG. 5. Construction of pT7 derivatives for controlled expres-
sion of the braD, braE, braF, and braG genes. The 1.2-kb SphI
fragment of pUBR8 was subcloned into pUC18, generating
pUBR38. Plasmid pUBR38N is a deletion derivative of pUBR38
lackiing the 0.7-kb SmaI-NaeI fragment. Plasmid pUBR8N was
constructed from pUBR38N by replacing the 0.7-kb HpaI-HindIII
fragment with the 3.7-kb HpaI-HindIII fragment of pUBR8. The
3.9-kb EcoRI-HindIII fragment of pUBR8N was subcloned into
pT7-5 and pT7-6, generating pTDG50 and pTDG60, respectively.
Derivatives of pTDG50 having unidirectional deletions from braG
toward braD were further constructed. pTDG51, -52, -56, and -57
were generated by digestion with appropriate restriction endonu-
cleases. pTDG53, -54, and -55 were constructed by replacing the
XhoI-HindIII fragment of pTDG50 with those of the pUBR8 deriv-
atives having unidirectional deletions from the KpnI site toward
Sacl site. Bent arrows indicate the 3' endpoints of the inserts
retained by the pTDG plasmids shown. Open arrows mark the
directions of transcription by the T7 promoter derived from pT-7
plasmids.

(noninduced) or by the strains carrying pT7-5 and pTDG60
incubated at 42°C (induced) (data not shown). These results
show that the genes for these four proteins are retained in the
3.9-kb NaeI-SalI fragment of pTDG50 and are transcribed

a b c d e f g h

34kDa _

30 kDa
27kDa

2 5.5 kDa

FIG. 6. Controlled expression of the braD, braE, braF, and
braG gene products. Samples for SDS-PAGE were prepared from E.
coli K38 cells harboring pGP1-2 and a pTDG plasmid as described in
the text. After electrophoresis, the polyacrylamide gel was treated
with Enlightning (Dupont, NEN Research Products, Boston,
Mass.), dried under vacuum, and exposed to a Kodak X-Omat film
at room temperature. Molecular weights of the bra gene products
were calibrated with Rainbow colored protein molecular weight
markers (Amersham). Lanes: a, pTDG50; b, pTDG51; c, pTDG52;
d, pTDG53; e, pTDG54; f, pTDG55; g, pTDG56; h, pTDG57; The
arrows for the protein bands in lanes b, f, and h indicate the
truncated braG, braE, and braD gene products, respectively.
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FIG. 7. SDS-PAGE of membrane proteins. Cell membranes
were prepared from E. coli K38(pGP1-2) carrying pT7-5 (lane a),
pTDG50 (lane b), pTDG60 (lane c), and pT7-6 (lane d) as described
in the text. Samples containing about 50 ,ug of protein were
electrophoresed and stained with Coomassie brilliant blue R250.
Protein bands corresponding to BraD (25,500), BraG (27,000), and
BraE (34,000) are indicated by arrowheads. Molecular weight stan-
dards used were trypsin inhibitor (20,100), carbonic anhydrase
(30,000), ovalbumin (43,000), bovine serum albumin (67,000), and
phosphorylase b (94,000) and are shown in the rightmost lane.

from the NaeI site toward the Sall site. The open reading
frames designated braD, braE, braF, and braG are the only
frames large enough to encode the detected proteins.
Expression of the genes retained in the various clones having
unidirectional deletions from the Sall site was analyzed to
assign the four proteins to the bra genes (Fig. 6). The protein
band of apparent Mr 27,000 was missing in the clones
carrying pTDG51 and pTDG52 with 3' endpoints within the
braG gene, indicating that the protein is coded for by braG.
In the same way, the proteins with apparent Mrs of 25,500,
30,000, and 34,000 were shown to be the products of the
braD, braF, and braE genes, respectively (Fig. 5 and 6).

Cell membranes were prepared from strain K38(pGP1-2)
carrying pT7-5, pT7-6, pTDG50, or pTDG60 grown at 42°C
for 30 min and then at 37°C for 2 h with rifampin. Analysis of
membrane proteins by SDS-PAGE showed the existence of
proteins corresponding to the products of braD, braE, and
braG only in the membrane from the strain carrying pTDG50
(Fig. 7). Detection of the braF product (apparent Mr of
30,000) was difficult because of migration of a major mem-
brane protein to the same position as the braF product. On
the other hand, no difference was found in the patterns of
cytoplasmic proteins among the strains (data not shown),
confirming that the bra products are located on the cell
membrane. Fractionation of the inner and outer membranes
further suggested that the bra products are localized on the
cytoplasmic membrane (data not shown).

DISCUSSION
This study shows that the DNA fragment required for

restoration of the LIV-I transport activity to P. aeruginosa

MT1562 contains four open reading frames, designated
braD, braE, braF, and braG, in addition to braC, the
structural gene for the LIVAT-BP (16). The G+C contents
of the braD, braE, braF, and braG genes were calculated as

63.0, 65.9, 65.4, and 64.4%, respectively, similar to that
(65%) reported previously (38) for the average G+C content
of the P. aeruginosa genome. Recent compilation of P.
aeruginosa genes shows that codons with G or C at the third
position are preferentially utilized in this organism (4, 8, 16).
The G+C contents of the third positions in the codons used
for braD, braE, braF, and braG are 91.5, 93.5, 92.9, and
92.3%, respectively, showing the codon usage typical of P.
aeruginosa genes. Analysis of the controlled expression of
genes with the T7 RNA polymerase/promoter system (Fig. 5
and 6) revealed that the open reading frames for braD, braE,
braF, and braG are used to encode proteins. The fact that
plasmid pKTH25 lacking the BglII-SalI fragment (positions
4994 to 5297) failed to confer LIV-I transport activity to P.
aeruginosa MT1562 (Table 2) strongly suggests the involve-
ment of the braG product in the LIV-I transport system. The
genetic analysis in the accompanying paper (17) further
confirms that all of the bra genes identified in this study are

required for the LIV-I transport system.
The apparent MrS of the braF and braG products esti-

mated from SDS-PAGE are 30,000 and 27,000, respectively,
similar to those from the deduced amino acid sequences. On
the other hand, the apparent Mrs of the braD and braE
products from SDS-PAGE are 25,500 and 34,000, respec-
tively, which are considerably smaller than the Mrs 32,511
and 45,558 from the deduced amino acid sequences. Such
discrepancies seem to be common for intrinsic membrane
proteins such as these bra products, presumably because of
an abnormally higher capacity for binding of SDS (7). If
translation of these genes starts at an ATG or GTG codon
located inside the sequences, for example, ATG for Met-30
or Met-37 in the braD gene, the molecular weights would be
much closer to those estimated from SDS-PAGE. However,
phoA fusions to the braD and braE genes with the TnphoA
transposon (28) suggest that the first ATG codons in their
respective reading frames are the likely translation initiation
sites (unpublished results).
Recent genetic studies combined with recombinant DNA

techniques have revealed extensively the molecular basis of
the periplasmic BP-dependent transport systems in E. coli
and Salmonella typhimurium (1, 10, 11). Most of the BP-
dependent systems seem to require membrane components
consisting of two intrinsic membrane proteins and a protein
having consensus sequences for ATP-binding proteins.
However, the ribose and arabinose transport systems in E.
coli have been found to require a gene product having two
ATP-binding domains (3, 37). In addition, the oligopeptide
transport system in S. typhimurium has recently been shown
to require two gene products, each of which contains an

ATP-binding domain (11). The P. aeruginosa LIV-I trans-

port system provides another example of the requirement of
two ATP-binding proteins for the periplasmic BP-dependent
transport systems: the braF and braG genes encode ATP-
binding proteins (Fig. 3), both of which are necessary for
LIV-I function (17). These facts strongly support the follow-
ing view: the oligopeptide and LIV-I transport systems
require two ATP-binding proteins as a heterodimer, whereas
the other systems, represented by the S. typhimurium histi-
dine transport system (10), with a single gene for an ATP-
binding protein, require such proteins as a honrodimer.
Nazos and colleagues (30, 31) have suggested that three

more genes, designated livH, livM, and livG, are necessary
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for the LIV-I and Ls transport systems in E. coli, in addition
to livJ and livK, encoding the LIV- and Ls-BPs, respec-
tively. The nucleotide sequences of livJ, livK, and livH have
been determined (25, 30). We previously showed the striking
homnology among the braC, livJ, and livK products, BPs for
branched-chain amino acids (16). The study presented here
shows that the braD gene product is homologous to the livH
gene product. These findings strongly suggest that the mo-
lecular organization of the P. aeruginosa LIV-I transport
system is analogous to that of the E. coli transport system.
Although no sequence data are yet available for the livM and
livG genes, it seems likely that these liv products are the E.
coli counterparts of two of the braE, braF, and braG
products. In this sense, it will be interesting to determine
whether a gene other than the known liv genes is necessary
for the E. coli LIV-I and Ls transport systems.
Use of the T7 RNA polymerase/promoter system enabled

us to overproduce the braD, braE, braF, and braG products
in E. coli to the level detectable among membrane proteins
by staining with Coomassie brilliant blue (Fig. 7). Thus, this
system together with the information from the nucleotide
sequences of the bra genes will provide the basis for eluci-
dating biochemically the structure and function of the P.
aerqginosa LIV-I transport system.
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