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The braZ gene for a novel branched-chain amino acid transport system in Pseudomonas aeruginosa PAO was
isolated and characterized. Determination of the nucleotide sequence showed that the braZ gene comprises
1,311 nucleotides specifying a protein of 437 amino acids. Hydropathy analysis suggested that the product is an
integral membrane protein with 12 membrane-spanning segments. The amino acid sequence showed extensive
homology to those of the braB and brnQ gene products, branched-chain amino acid carriers of P. aeruginosa
and Salmonella typhimurium, respectively. By using the T7 RNA polymerase-promoter system, the braZ gene
product was identified as a protein of an apparent M, of 34,000 on a sodium dodecyl sulfate-polyacrylamide gel.
Properties of the transport system encoded by braZ were studied by using P. aeruginosa PA03537, defective
in both the high- and low-affinity branched-chain amino acid transport systems (LIV-I and LIV-II,
respectively). The transport system encoded by braZ was found to be another effective branched-chain amino
acid transport system in P. aeruginosa PAO and was thus designated as LIV-III. This system is specific for
isoleucine and valine, giving the same Km value of 12 ,uM for these amino acids. The system was found,
however, to have a very low affinity for leucine, with a Km value of 150 FiM, which contrasts with the substrate
specificities of LIV-I and LIV-II.

The transport of branched-chain amino acids by Pseudo-
monas aeruginosa is mediated by two distinct systems,
LIV-I and LIV-II (6, 11). The high-affinity LIV-I system is
dependent on the periplasmic binding protein for branched-
chain amino acids and is specific for alanine and threonine in
addition to branched-chain amino acids (6). The low-affinity
LIV-II system is a carrier-mediated transport system cou-

pled to Na+ or Li' ions (7, 30). The genes required for these
transport systems have recently been cloned, and their
nucleotide sequences were determined (8-10). A P. aerugi-
nosa PAO mutant defective in both LIV-I and LIV-II
showed almost complete loss of leucine uptake (10), suggest-
ing that LIV-I and LIV-II were the only systems for the
transport of branched-chain amino acids in this organism.
In the course of cloning the braB gene for the LIV-II carri-
er (with a phenotype requiring a high concentration of
branched-chain amino acids [Hrb-] [10]), however, we inci-
dentally isolated a gene showing a branched-chain amino
acid transport activity with properties different from the
known LIV transport systems. The gene was designated
braZ and further characterized.

In this report, we describe the cloning and nucleotide
sequence of braZ and the deduced amino acid sequence and
identification of the gene product. We also describe the
properties of the transport system encoded by braZ.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The
bacterial strains and plasmids used in this study are listed in
Table 1. Escherichia coli HB101 and JM109 were used as
hosts for plasmids derived from RSF1010 and those from
pBR322, respectively. All strains were grown aerobically at
37°C as described previously (8) unless otherwise indicated.

* Corresponding author.

Screening for Hrb+. The P. aeruginosa PA03012 genomic
library constructed in cosmid pMMB34 and deposited in E.
coli HB101(RP4-4) (8) was screened for Hrb+ as described
previously (10) with the following modifications. Each P.
aeruginosa PA03536 exconjugate was tested for phenotypes
of Hrb+ (growth at 5 ,ug of leucine per ml) and Leu+ on plates
based on G medium (7) in place of those on D medium (6).

Manipulation of DNA. Procedures for the preparation of
plasmid DNA, cloning, and restriction analysis were basi-
cally the same as described previously (8) or by Maniatis et
al. (16). 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. (24).
Plasmids having unidirectional deletions of the DNA frag-
ments cloned to pUC18 were generated with the Deletion Kit
(Takara Shuzo) as described by Yanisch-Perron et al. (33).

Identification of the braZ gene product. The T7 RNA
polymerase-promoter system of Tabor and Richardson (26)
was used for exclusive labeling of the braZ gene product. E.
coli cells containing both pGP1-2 and a pT7 recombinant
plasmid were pulsed with [35S]methionine as described pre-
viously (9). The proteins labeled with [35S]methionine were
separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) as described by Laemmli (14)
and analyzed with a bioimage analyzer (BAS2000; Fuji Film
Co., Tokyo, Japan).
Other methods. Initial rates of branched-chain amino acid

uptake by P. aeruginosa cells suspended in 10 mM Tris-
hydrochloride buffer (pH 7.4) containing 1 mM MgC12 and 1
mM KCl were determined at 37°C with 10 mM glucose and a
uniformly "'C-labeled branched-chain amino acid as de-
scribed elsewhere (6). The protein content of the prepara-
tions was determined by the method of Lowry et al. (15),
with bovine serum albumin used as a standard.
Enzymes and chemicals. Enzymes used for DNA manipu-

lation were purchased from Toyobo (Osaka, Japan) or
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TABLE 1. Strains and plasmids used in this study

Straino Relevant genotype Reference
plasmid or source

Strains
Escherichia coli
HB101 F- recAl3 hsdR hsdM 2

JM109 recAl endAl gyrAl 33
hsdRl7 A(lac-
proAB) (F' traD36
proAB laclIq
ZAM15) X-

K38 HfrC 23
Pseudomonas aeruginosa
PA03012 trp-6 12
PA03536 trp-6 braB307 braC317 10

leu-8001::TnSO
PA03537 trp-6 braB307 braC317 This study

rec-301
MT2503 trpAB::pME3J9 his- 28

301 str-l rec-301
Plasmids
pUC18 Cbr (Apr) 33
pMMB34 Kmr cosX 5
pKT240 CbT (Ap) Km' l
pGPl-2 Kmr cI857 jb 26
pT7-5 Cbr (Apr) S. Tabor
pT7-6 CbT (ApT) $. Tabor
a rec-301 leu+ derivative of PA03536; constructed by conjugation with

MT2503.
b Structural gene for bacteriophage 17RNA polymerase, which is under the

control of the bacteriophage promoter PL in pGP1-2.

Takara Shuzo. Rifampin was from Sigma Chemical Co. (St.
Louis, Mo.). Uniformly 14C-labeled branched-chain amino
acids, IYSlmethionine, and [aL35S]dCTP were obtained from
Amersham (Little Chalfont, Buckinghamshire, England). All
other chemicals used were commercial products of analyti-
cal grade.
Nudeotide sequence accession number. The nucleotide

sequence data reported in this paper will appear in the
DDBJ, EMBL, and GenBank nucleotide sequence data
bases' under accession .no. D90222.

RESULTS

Isolation of the braZ gene. The braB gene for the Na+-
coupled LIV-II carrier has been isolated with P. aeruginosa
PA03536 defective in both LIV-I and LIV-II by the selec-
tion for Hrb+ on D medium-based agar plates (10). In order
to isolate the braB gene, we first screened the P. aeruginosa
PA03012 genomic library for Hrb+ on G medium-based agar
plates, another synthetic medium for P. aeruginosa, since
this mediu'm contains a high concentration of Na+ ions,
which might be better for LIV-II to operate in the cells. We
failed, however, to isolate the braB gene with this medium.
Instead, among 576 clones examined, we identified several
clones showing Hrb+ on G medium-based agar plates and
having leucine transport activities independent of Na+ ions.
Restriction analysis showed that plasmids pTH6, pTH7, and
pTH8, which are such Hrb+ clones, contain 30- to 40-kb
DNA segments, which overlapped considerably. The analy-
sis further showed that these plasmids contain no chromo-
somgl region homologous to that for LIV-I or LIV-II (8, 10).
Thus, we designated a gene for the Hrb'+ phenotype retained
in this overlapped region braZ. To locate the braZ gene,

various EcoRI fragments were subcloned into pKT240 and
tested for their Hrb phenotypes. The analysis showed that
the braZ gene is located on the 9.2-kb EcoRI fragment,
where pTH8 has a terminus of the inserted DNA segment.
Plasmid pTH8S was generated from pTH8 by deleting most
of the insert with Sacl and was found large enough to restore
the'Hrb+ phenotype to PA03536. A restriction map of
pTH8S is shown in Fig. 1. The insert of pTH8S was
subcloned to pUC18, generating pUHZ1 and pUHZ2, and
then to pKT240, giving pKHZll (Fig. 1). Plasmid pKHZll
restored Hrb+ to PA03536, confirming that the braZ gene is
retained in the cloned insert. The 1.8-kb SmaI-AatI segment
of the insert was subcloned into the SmaI site of pKT240 in
both orientations, giving pKHZ2 and pKHZ3 (Fig. 1). Plas-
mid pKHZ2 restored Hrb+ to PA03536, whereas pKHZ3
failed to restore the phenotype. The SmaI site is in the
kanamycin resistance (Kmr) gene of pKT240 (1), suggesting
that the expression of braZ in pKHZ2 is due to transcrip-
tional or translational readthrough from the Kmr gene.
Plasmids pKHZ12 and pKHZ13 having unidirectional dele-
tions from the AatI site towards the SmaI site were further
constructed and tested for their Hrb phenotypes (Fig. 1).
Plasmid pKHZ12, unlike pKHZ13, gave the Hrb+ pheno-
type to PAO3536, suggesting that the braZ gene terminates
in the DNA segment' retained by pKHZ12 but not by
pKHZ13.

Properties of the transport system encoded by braZ. The
branched-chain amino acid transport activities of PA03537,
another PAd strain defective in both LIV-I and LIV-II, and
its derivatives transformed with various pKHZ plasmids
were examined (Table 2). Strain PA03537 was almost com-
pletely defective in leucine uptake as expected but showed
considerable isoleucine and valine uptake, suggesting that
PA03537 retains an as yet unidentified trans'port system
specific for isoleucine and valine. As shown clearly in Table
2, branched-chain amino acid transport activities of the
strains transformed with pKHZ plasmids paralleled their
Hrb phenotypes. Hrb+'plasmids, pKHZll and pKHZ12,
restoted or markedly enhanced branched-chain amnino acid
transport to PA03537, while restoration or stimulation' by
pKHZ2 was less effective. The Hrb- plasmids, on the other
hand, failed to enhance branched-chain amino acid transport
in PA03537. Stimulation by the Hrb+ plasmids was much
more effective for the transport of isoleucine and valine than
that of leucine. This fact suggests that the transport system
enhanced by the Hrb+ plasmids is the same as that retained
by PA03537. To make this point clear, the effects of various
amino acids on isoleucine uptake by PA03537 or by
PA03537(pKHZ11) were examined (Table 3). Addition of a
fivefold amount of cold isoleucine or valine caused 80%
inhibition of [14C]isoleucine uptake by the strains, suggesting
strongly that the transport system is a common system to
isoleucine and valine, with similar affinities for these amino
acids. The addition of leucine also showed considerable
inhibition of isoleucine uptake, although about 10 times as
much was required to give the same extent of inhibition as
with isoleucine or valine. The other amino acids caused no
or little inhibition of isoleucine uptake even at 1 mM. The
extent of inhibition by each amino acid was the same
between PA03537 and PA03537(pKHZ11) (Table 3), con-
firming the idea that the transport system enhanced by braZ
is the same as that retained by PA03537.

Kinetic analysis of branched-chain amino acid transport
by PA03537 and PA03537(pKHZ11) was further carried
out. The initial rates of uptake were determined with the
concentration range of 0.95 to 61 ,uM leucine, isoleucine, or
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FIG. 1. Subcloning and localization of the braZ gene. The restriction map of pTH8S is shown at the top. The open arrow under the map
indicates the location and direction of transcription of the braZ gene. The open, solid, and stippled boxes represent portions of plasmids
pMMB34, pUC18, and pKT240, respectively. The cloned DNA segment of pTH8S was transferred into pUC18, generating pUHZ1 and
pUHZ2. The inserts of pUHZ1 and its derivatives with unidirectional deletions from the EcoRI site were subcloned to pKT240, giving
pKHZ11, pKHZ12, and pKHZ13. The 1.8-kb SmaI-AatI fragment was also subcloned into the SmaI site of pKT240 in both orientations,
generating pKHZ2 and pKHZ3. Restoration of growth at a low leucine concentration (Hrb) to PA03536 was examined as described in the
text. The solid arrows denote the directions of transcription with the promoter of the kanamycin resistance gene carried on pKT240.
Restriction site abbreviations: A, AatI; E, EcoRI; H, HindIII; K, KpnI; N, NruI; P, PstI; S, Sacl; Sm, SmaI; X, XhoI.

valine, and the results are presented in a double-reciprocal
fashion (Fig. 2). The uptake of isoleucine and valine by
PA03537 cells gave straight lines, with the same Km and
Vmax values of 12 ,uM and 9 nmol/mg of protein per min,
respectively. Kinetic parameters for leucine uptake by
PA03537 were not obtained, however, due to very low
leucine uptake compared with nonspecific binding of leucine
to membrane filters. Strain PA03537 carrying pKHZ11, on
the other hand, exhibited considerable leucine uptake, giving
a very high Km value of 150 ,uM. Double-reciprocal plots of
isoleucine and valine uptake by PA03537(pKHZ11) also
gave straight lines, with the same Km value of 12 F.M, which
was also the same as those for isoleucine and valine uptake
by PA03537. The Vmax values for leucine, isoleucine, and
valine uptake by PA03537(pKHZ11) were the same, show-
ing 100 nmol/mg of protein per min. This value was 10 times
bigger than that for isoleucine or valine uptake by PA03537.
These findings further confirm the possibility that the trans-

TABLE 2. Branched-chain amino acid transport by
various strains

Uptake
Strain (nmollmg of protein per min) oft:

Leu Ile Val

PA03012 13.8 14.5 14.4
PA03537 0.1 5.2 5.8
PA03537(pKHZ11) 12.1 62.2 68.8
PA03537(pKHZ12) 8.9 56.5 64.5
PA03537(pKHZ13) 0.3 5.0 4.9
PA03537(pKHZ2) 1.3 17.7 17.5
PA03537(pKHZ3) 0.4 7.3 6.9

a Initial rates were determined with 20 ,uM of the indicated amino acid.

port system identified in PA03537 is the same as that
affected by the braZ gene and that the transport system is
common with branched-chain amino acids.

Nucleotide sequence of braZ and its flanking regions. To
determine the nucleotide sequence of the braZ gene, various
derivatives of pUHZ1 and pUHZ2 (Fig. 1) having unidirec-
tional deletions in the inserts from the EcoRI site to the
HindlIl site were constructed and used for sequencing.
Sequencing with each clone was carried out at least twice,
and the entire sequences of both strands were determined.

TABLE 3. Effect of various amino acids on isoleucine uptake by
PA03537 and PA03537(pKHZ11) cells

Amino acid % Isoleucine uptakeb
(concn)a PA03537 PA03537(pKHZ11)

None 100 100
Leucine (0.1) 82 79
Leucine (1) 35 26
Isoleucine (0.1) 21 22
Isoleucine (1) 2.3 3.0
Valine (0.1) 18 24
Valine (1) 2.7 4.2
Glycine (1) 90 93
Alanine (1) 78 69
Serine (1) 92 92
Threonine (1) 87 78
Methionine (1) 65 80
Proline (1) 92 98

a Each amino acid was added concomitantly with 20 pLM [14C]isoleucine at
the final concentration given in parentheses (millimolar).

b Expressed as a percentage of the control. Control values for ['4C]isoleu-
cine uptake by PA03537 and PA03537(pKHZ11) were 5.4 and 56.7 nmol/mg
of protein per min, respectively.
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Sacl
GAGCTCTCCGGGTTCGCCGGCATCCCCCCGCATGGCGCCGCCGATGCGGGCGGAAGACAG
CAAGCGGCAAGGAACGCGGAGCGCTCCGGCGCCAGTGCCTACGGACTGTTCTGATTGCGA
CGTCGTTTTTCAACAAAAGGACAGCCAAACCAATGTCTATCCCGCGACCACGGCATTTTC
GTTAGCATGCCAAGTTTCCGGCCCGGCTCCCACAAGGACAGCGGCCGCCTCCCCTGCTCG

Smal
TCCCATCCAGATGAGTGCCGTTTCCCCTACCCCCCGGGAAACCCTTCTGTGAATTTCCTC

GAGCAGCGCGGTACCTCTCCAGCATGAACGCTTTGAAAGGCCGGGACATCCTGGCGCTTG
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FIG. 2. Double-reciprocal plots of initial rates of leucine (circle),
isoleucine (triangle), and valine (rectangle) uptake. Initial rates of
uptake by strain PA03537 (open symbols) or by PA03537(pKHZ11)
(solid symbols) were determined with a concentration range of 0.95
to 61 ,uM as described in the text.

Figure 3 shows the nucleotide sequence of the braZ gene and
its flanking regions.
As described above, it is suggested that the braZ gene is

transcribed from the SacI site towards the AatI site (Fig. 1).
Thus, the nucleotide sequence shown in Fig. 2 was inspected
for the open reading frame for braZ. A long open reading
frame (positions 324 to 1,634) was found to be the only
reading frame that is consistent with deletion mapping for
braZ (Fig. 1). This open reading frame is contained by the
Hrb+ plasmids and terminates in the DNA segment retained
by pKHZ12 but not by pKHZ13. Thus, we conclude that the
open reading frame is that for the braZ gene, although the
open reading frame is not preceded by a Shine-Dalgarno
sequence (25) typical of ribosome-binding sites. A G+C-rich
dyad symmetry with a T cluster (positions 1,647-1,666)
typical of the p-independent transcriptional termination sig-
nals (22) is present in the 3'-flanking region of the braZ gene.

This palindromic sequence is able to form a stable stem-loop
structure in the corresponding transcript with a calculated
free energy value (27) of -12.4 kcal (52.0 kJ).
Amino acid sequence and identification of the braZ gene

product. The braZ gene specifies a protein of 437 amino acid
residues with a calculated Mr of 45,271. The deduced amino
acid sequence of the BraZ protein is shown in Fig. 3. The
amino acid composition of BraZ shows that this protein is

F M T F A L F V G A G N I I F P P I V C

,C' pTHZ53
GCTTGCAGTCCGGCCCCCATGTGTGGCTGGCGGCGCTGGGCTTCCTGATCACCGCGGTGG

L Q S G P H V W L A A L G F L I T A V G
GGCTGCCGGTGATCACCGTGATCGCCCTGGCCAAGGTCGGCGGTTCGGTCGACGCCCTCA

L P V I T V I A L A K V G G S V D A L S
GCCATCCGATCGGTAGGTATGCCGGCGGCCTGCTGGCGGCGGTCTGCTACCTGGCGGTCG

H P I G R Y A G G L L A A V C Y L A V G
GCCCGCTGTTCGCCATTCCGCGCACCGCCACGGTGTCCTTCGAGGTCGGCGTGGTGCCGC

P L F A I P R T A T V S F E V G V V P L
TGCTCGGCGAGAGCGGCACGGCGCTGTTCGTCTACAGCCTGGCGTACTTCCTTCTGGCCC

L G E S G T A L F V Y S L A Y F L L A L
TGGCCATCTCCCTCTACCCCGGTCGCCTGCTGGACACCGTCGGACGCTTCCTCGCCCCGC
A I S L Y P G R L L D T V G R F L A P L

TGAAGATCCTCGCCCTGGCGATTCTCGGCGTCGCCGCCTTCCTCTGGCCTGCCGGCCCGA
K I L A L A I L G V A A F L W P A G P I

TCGGCACGGCCCAGCCGGAGTACACCCAGGCCGCGTTCTCCCAGGGTTTCGTCAACGGCT
G T A Q P E Y T Q A A F S Q G F V N G Y

ACCTGACCATGGACACCCTCGCCGCGCTGGTCTTCGGCATCGTCATCGTCAACGCCATCC
L T M D T L A A L V F G I V I V N A I R

GTTCCCGCGGCGTGCAGTCGCCGCGTCTGATCACCCGCTATGCCATCGTCGCCGGGCTGA
S R G V Q S P R L I T R Y A I V A G L I

TCGCCGGTGTCGGCCTGGTGCTGGTCTACGTCAGCCTGTTCCGGCTCGGCGCCGGCAGCC
A G V G L V L V Y V S L F R L G A G S H

ATGCCATCGCCGCCGACGCCAGCAACGGCGCGGCGGTCCTGCATGCCTACGTGCAACATA
A I A A D A S N G A A V L H A Y V Q H T

CCTTCGGCAGCCTCGGCAGCTCGTTCCTGGCGGGACTTATCGCGCTGGCCTGCCTGGTCA
F G S L G S S F L A G L I A L A C L V T

CCGCGGTCGGCCTGACCTGCGCCTGCGCCGAGTACTTCTGCCAGCGCCTGCCGCTGTCCT
A V G L T C A C A E Y F C Q R L P L S Y

ACCGCAGCCTGGTGATCATACTGGCAGGGTTCTCCTTCATCGTTTCCAACCTCGGCCTGA
R S L V I I L A G F S F I V S N L G L T

CCAAGCTGATCCAGGTCTCGATCCCGGTGCTCACCGCGATCTATCCGCCGTGCATCGTGC
K L I Q V S I P V L T A I Y P P C I V L

TGGTGGCGCTGAGCTTCTGCATCGGCCTCTGGCATTCGGCGACGCGCATCCTCGCCCCGG
V A L S F C I G L W H S A T R I L A P V

TGATGCTGGTTTCCCTGGCGTTCGGCGTGCTCGATGCCCTGAAGGCGGCGGGCCTGGGCC
M L V S L A F G V L D A L K A A G L G Q

plHZ13 <
AGGACTTCCCGCAATGGCTGCTGCACCTGCCGCTGGCCGAACAGGGCC'IGGCCTGGTTGA

D F P Q W L L H L P L A E Q G L A W L I
Pstl

TCCCCTCGGTCGCCACTCTCGCCGCCTGCAGCCTGGTCGACCGCCTGCTGGGCAAGCCTG
P S V A T L A A C S L V D R L L G K P A

CGCAAGTCGCCGCCTGAGCAGGCCCCAGCGGCCTGCCGCTTGTTCTCCCGGCCGAGCGCG
Q V A A * > <

GGACATGCCGGCGGGCGGCGCCAATCGCGTCGTCCACCCCACGGCCCGGCTGGCGCCGCC
GGCAGCGCTTCTTCCCGCGTTCAGCCGA ACGAATAAGCACTATCGAGCAGGATGATTTCT

plCHZ12GC C CAGCGCAGCGGCGCGGTTGTTAGCCTTTCGACCATTCCC:CCAGGAAGCGAATCCAGGAGC

I_-_-l_1

TCGAGGAAAAACCGCAAACCGCCGTCAGCCAGTCCAACGCCGCCCTACGCAGTACCGCCA
Aatl

TCTGAGGCCTCGTCGAACGGCCAAGAGAAAGCCCCGCGATGCGGGGCTTCTTCGTATTCG

GGGCTGGGCGGTCAGCCGCAGGACAGGCGCTTGATC 2196

FIG. 3. Nucleotide sequence of the braZ gene and deduced
amino acid sequence of the gene product. Nucleotide numbering (at
right) begins with the first base of the Sacl site. The putative
transcriptional termination signal in the 3'-flanking region is shown
by the converging arrows. The 5' or 3' ends of the inserts of
pTHZ53, pKHZ12, and pKHZ13 are indicated by bent arrows.
Locations of the AatI, PstI, and SmaI restriction sites are presented
for comparison with Fig. 1.

extremely hydrophobic (76% nonpolar). The BraZ protein
contains only 33 charged amino acid residues, 13 acidic and
20 basic, giving an excess of seven positive charges at
neutral pH. The hydropathy profile of the BraZ protein was
obtained with a nine-residue span by the method of Kyte and
Doolittle (13) (Fig. 4). The profile reveals that the BraZ
protein contains 12 membrane-spanning segments flanked by
short hydrophilic stretches.
To identify the BraZ protein by controlled expression with

the T7 RNA polymerase-promoter system of Tabor and
Richardson (26), portions of the braZ region on pUHZ2 were
subcloned into pT7-5 and pT7-6, giving the pTHZ plasmids
(Fig. 5A). E. coli K38(pGP1-2) was transformed by these
plasmids and tested for the expression of the braZ gene (Fig.
SB). When the strain harboring pTHZ51 or pTHZ52 was heat
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FIG. 4. Hydropathy profile of the braZ gene product. Hydropa-

thy was calculated with a window of nine residues along the amino
acid sequence. Twelve hydrophobic segments capable of spanning
the membrane are indicated.

induced, a protein band with an apparent Mr of 34,000 was
detected on an SDS-polyacrylamide gel. The protein was not
synthesized, however, by these strains incubated at 30°C
(noninduced) or by the strain with pTHZ61 incubated at 42°C
(induced). The strain with pTHZ53 lacking the N-terminal
region of the open reading frame for braZ also failed to
produce this protein. These findings clearly show that the
protein of the apparent Mr of 34,000 is the braZ gene

product.

DISCUSSION

The present study shows that P. aeruginosa PAO has
another branched-chain amino acid transport system in
addition to the LIV-I and LIV-II transport systems. We
designate the new system as LIV-III. The LIV-III transport
system was found by kinetic analysis to be comparable to
LIV-I and LIV-II in isoleucine and valine uptake by PAO
cells (Table 2; Fig. 2). The LIV-III system, however, was
shown to be inefficient in leucine uptake because of its very
low affinity for leucine, which is in contrast to LIV-I and
LIV-II in substrate specificity (6). This inefficiency of LIV-
III in leucine uptake by PA03536, a leu auxotroph defective
in both LIV-I and LIV-II, enabled us to isolate the gene braZ
encoding the LIV-III transport system by the selection for
Hrb+ (growth at a low leucine concentration). The braZ
gene has recently been mapped to the cys-54 region of the P.
aeruginosa PAO chromosome by Southern hybridization
(12a), confirming that braZ is an authentic gene of P.
aeruginosa PAO.

Determination of the nucleotide sequence of the braZ gene
and its flanking regions revealed an open reading frame of
1,311 nucleotides that was capable of coding for a protein of
437 amino acid residues. The G+C content of the third
position in the codons used for braZ is 91%, showing a high
bias for G or C in the wobble base as determined for other
Pseudomonas genes (4, 9). This open reading frame is the
only one which is consistent with the results of deletion
mapping (Fig. 1) and controlled gene expression by the T7
RNA polymerase-promoter system (Fig. 5). The amino acid
composition of the braZ gene product indicates that this
protein is highly hydrophobic (76% nonpolar). The hydrop-
athy profile of the BraZ protein further shows that the
protein contains 12 membrane-spanning segments (Fig. 4).
These properties are typical of carrier proteins (3, 9, 19).
Plasmid pKHZ3 lacking the Sacl-SmaI fragment (positions 1
to 275) failed to enhance branched-chain amino acid uptake
by PA03537 cells (Table 2), while the plasmid contains the
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pTHZ53 -+ L

B
a bc

92.5kDa _ s

69.OkDa _.

46.OkDa _

P XAH
I _L

lkbp

d

30.OkDa _

21.5kDa

FIG. 5. Identification of the braZ gene product. (A) Construction
of pT7 derivatives for controlled expression of braZ. The 2.2-kb
Sacl-HindIll fragment of pUHZ2 was subcloned into pT7-5 and
pT7-6, generating pTHZ51 and pTHZ61, respectively. Plasmids
pTHZ52 and pTHZ53 are the derivatives of pTHZ51, having unidi-
rectional deletions from the Sacl site. The open arrow indicates the
location and direction of transcription of the braZ gene. Solid
arrows denote the directions of transcription by the T7 promoter
derived from pT7 plasmids. Restriction site abbreviations are as
described in the legend to Fig. 1. (B) SDS-PAGE patterns of
proteins synthesized by E. coli K38(pGP1-2) carrying the pTHZ
plasmids. Samples for SDS-PAGE were prepared as described in the
text. After electrophoresis, proteins labeled with [35S]methionine
were analyzed with a bioimage analyzer (BAS2000). Lanes: a,
pTHZ61; b, pTHZ51; c, pTHZ52; d, pTHZ53. The arrows on the left
indicate the positions of rainbow colored protein molecular weight
markers (Amersham).

entire open reading frame for braZ, suggesting that the
promoter for braZ is retained in the Sacl-SmaI region.
The apparent molecular weight of the BraZ protein esti-

mated from SDS-PAGE is 34,000, which is considerably
smaller than the Mr of 45,271 calculated from the deduced
amino acid sequence. Such discrepancies seem to be com-
mon for intrinsic membrane proteins, presumably because of
an abnormally higher capacity for binding of SDS (3). It is
not likely that the difference in molecular weights is the
result of cleavage of the signal peptide, as the BraZ protein
does not have a sequence typical of signal peptides (21). If
translation of braZ starts at an ATG or GTG codon located
inside the sequence, the molecular weight would be closer to
that estimated from SDS-PAGE. Considering the homology
analysis described below, however, we conclude that the
ATG codon at positions 324 to 326 is the initiation codon for

3g4l
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-> --r~1
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1 LI FL L S AIM AI S AF0L 4 9
2 INA IF..UTsIpt11 11 113 4 9SP...

1
.|6 t.>t _t " W Y G A 9 9

3fl~~fl~¶ ~ . S ~T ~1.:K V -1WT 100

1 AVY..EMG PF?G1.GG.VL[YTVASVV FLVLNPGIVI R KV 14 9
2 R A1 EXTAIFVgL AR I .TRtA 14 9
3 RTT~ L lAMt XV 1AIVILVSgYPKtUT.NPN 150

1 I TPVLLSA......L.L.G. IFA E.SSSGRYQSAPLV LQ 199
2 gAPLItLgAllA AFL AlTAQPRYTQQtfUT 199
3 lgPtE lV;S AV ENGlSNXLDA QN AVSNG tiE le W 200

1 GAWtLYI4..V.ATA.EDRG.I SDSRLVTRYXSMIA.V1AATGLLYAVL 24
2 A ..QSP ...IT.t.AIV. V.VS. 249
3 V#MY.W..GllA SRlIYTEAlIL ?>tT VW lM&Wl1T EL YgP*ttE 250

(A)
1 AT L.QG RNGWQ IVQ R'T TQNTU'RG V A ILAVTNWI T 99
2 A.'GS.HA.1'A.,AS.'oAk,VLmQfGSL~.SFL.AGLl-'AALVALT 299
3 SDSATLVDQSA AR_WtGA3FLLAL1F 1~~t 300

1 AC.G B ESDLL .B.VS.YKTVV....I.VFSL:S.LLYA.§QOTQLISLSVPi VGLY L 349
2 A YCQR.S.............A.... .............G.T.KL..VS.. . 349
3 ge||AQYIl..*.gRTELFILGlFSMVTSoWSHEEISIElgIXtYP. 350

1 A -FI SLFDRRLVSPIVFVFICA :V LG KLNGWV DVF 399
2 cIVLYAL8Fc IGGLWRARLEK-SAfQVLL -A-'AGIGQDF?Q 149
3 tCALYVLS?TRSWWNSTiIIAPAMFIS. G IASAF.DML AWS 400

1 AKMAILDQSGVCDGERAV N 437
2 LHLAP.GLAf9L. I?S.ATLAACSLVDW.LLG.EAQVAA- 43 7
3 QRL..I...LAX...E.Q.G.AL...MPTVVMVII. IW RAA RQVTSSAH 439

FIG. 6. Alignment of the deduced amino acid sequences of the LIV-II (rows 1) and LIV-II (rows 2) carriers of P. aeruginosa PAO and
the LIV-II carrier of S. typhimurium (rows 3). Identical amino acids are shadowed. The amino acid at position 292 substituted in the P.
aeruginosa PML LIV-II carrier is shown in parentheses.

braZ in spite of its lack of a Shine-Dalgarno sequence (25)
typical of ribosome-binding sites.
Comparison of the amino acid sequence of the BraZ

protein with those of the BraB (10) and BrnQ (20) proteins,
the LIV-II carriers in P. aeruginosa and S. typhimurium,
respectively, revealed extensive homology among the pro-
teins (Fig. 6). The BraB, BraZ, and BrnQ proteins are of
similar sizes, containing 437, 437, and 439 amino acid
residues, respectively. These proteins are 46% identical over
the entire regions. In particular, the homology in an N-ter-
minal fourth of the sequences is remarkable, giving 61%
identity. If the conservative substitutions (18) are consid-
ered, the three proteins show 72% homology. The homology
between BraZ and BrnQ is the highest among the carrier
proteins. The BraZ and BrnQ proteins give 291 identical
residues (67%), while BraB and BraZ or BraB and BrnQ
show 56 or 53% identity, respectively. As shown in this
report, the LIV-III (BraZ) system is quite different in sub-
strate specificity from the LIV-II transport systems in P.
aeruginosa and S. typhimurium, which are both specific for
leucine and isoleucine and less specific for valine (6, 17).

Thus, the higher homology between BraZ and BrnQ in the
primary structure does not seem to reflect their substrate
specificities.
The P. aeruginosa LIV-II transport system is shown to be

coupled to an electrochemical potential of Na+ or Li' ions
(7, 30), while the transport system coded for by the E. coli
brnQlhrbA gene, which is homologous to brnQ of S. typhi-
murium, is suggested to be an H+-coupled transport system
(31, 32). Isoleucine uptake by the P. aeruginosa LIV-III
system was not affected by the addition of Na+ or Li' ions
(data not shown), suggesting that the system is an H+-
coupled transport system. Thus, the higher homology be-
tween BraZ and BrnQ may reflect the nature of energy
coupling of these transport systems. Our previous report (29)
showed that the difference in Na+ requirement of the LIV-II
carrier between P. aeruginosa PAO and PML strains is due
to the substitution of an amino acid at position 292, suggest-
ing that the amino acid residue at this position plays an
important role in determining specificity for coupling cat-
ions. In this sense, it seems worth noting that both the BraZ
and BrnQ proteins contain valine at position 292. This amino
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acid is different from those of the PAO and PML BraB
proteins (Thr and Ala, respectively), while the homology of
the amino acid sequence around position 292 is retained
among the BraB, BraZ, and BrnQ proteins (Fig. 6).
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