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The bkd operon of Pseudomonas putida consists of the structural genes encoding the components of the
inducible branched-chain ketoacid dehydrogenase. BKdR, a positive regulator of the bkd operon and a homolog
of Lrp of Escherichia coli is encoded by a structural gene adjacent to, and divergently transcribed from, the bkd
operon of P. putida. BkdR was purified from E. coli containing bkdR cloned into pCYTEXP1, an expression
vector. The molecular weight of BkdR obtained by gel filtration indicates that BkdR is a tetramer, and the
abundance of BkdR in P. putida was estimated to be about 25 to 40 copies of the tetramer per cell. BkdR bound
specifically to the region between bkdR and bkdAl, the latter being the first gene of the bkd operon. One
BkdR-DNA complex was observed in gel mobility shift patterns. Approximately 100 bp was protected from the
action of DNase I by BkdR, and the addition of L-branched-chain amino acids enhanced the appearance of
hypersensitive sites in the protected region. There are four potential BkdR-DNA binding sequences in this
region based on similarity to Lrp-binding consensus sequences. Like many other transcriptional activators,
BkdR regulates expression of its structural gene. DNAs from several gram-negative bacteria hybridized to a
probe containing bkdR, indicating the presence of bkdR-like genes in these organisms.

Branched-chain ketoacid dehydrogenase of Pseudomonas
putida is an inducible multienzyme complex produced by the
organism grown in media with branched-chain amino or keto
acids as carbon sources (15). The formation of branched-chain
ketoacid dehydrogenase is repressible by glucose and NH,™
(27), and the effects seem to be additive. The components of
branched-chain ketoacid dehydrogenase are E1 (the dehydro-
genase-decarboxylase), E2 (the transacylase), and E3 (lipoam-
ide dehydrogenase). The structural genes for these proteins
are encoded by the bkd operon of P. putida, which has been
cloned and whose nucleotide sequence has been determined
(3-5). All four genes are tightly linked, and the operon is
transcribed as a polycistronic message (5).

An open reading frame upstream of, and divergently tran-
scribed from, the bkd operon, encoding a protein, BkdR (13),
with 37.5% amino acid sequence identity to Lrp, the leucine-
responsive regulatory protein of Escherichia coli (33), was
found. Lrp is a global transcriptional regulator in E. coli (6),
the action of which can be antagonized or potentiated by
leucine or may be insensitive to the presence of leucine. Ex-
pression of the ilvIH operon of E. coli is regulated by Lrp and
is repressible by leucine. Lrp binds to several sites in the reg-
ulatory region of the ilvIH operon of E. coli (29) and causes
DNA bending (30).

Chromosomal mutations affecting bkdR resulted in failure to
produce branched-chain ketoacid dehydrogenase, and muta-
tions in bkdR were complemented in trans by both bkdR and Irp
(13). These results suggest that BkdR acts as a positive tran-
scriptional activator of the bkd operon. This article describes
the cloning and overexpression of bkdR, purification of BkdR,
and the specific binding of BkdR to the intergenic region
between bkdR and bkdAl, the latter being the first structural
gene of the bkd operon.

* Corresponding author. Phone: (405) 271-6645. Fax: (405) 271-
3139. Electronic mail address: john-sokatch@uokhsc.edu.
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MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The bacterial strains and
plasmids used in this study are listed in Table 1. Valine-isoleucine medium (15)
contained 0.3% valine and 0.1% isoleucine and was used for the growth of P.
putida PpG2, since growth with both amino acids is faster than with valine alone.
The same basal salt mixture was used with L-glutamate at 10 mM. P. putida was
grown with aeration at 30°C, and E. coli was grown with aeration at 37°C. For
B-galactosidase measurements, 5-ml overnight cultures of P. putida JS385 or
JS386 carrying plasmids listed in Table 2 were used to inoculate 200 ml of
minimal medium containing glutamate with or without valine-isoleucine. The
cells were grown at 30°C until an A, of 0.5, harvested, and then broken by sonic
oscillation as described below in “Enzymatic methods.” The final concentrations
of antibiotics to inhibit the growth of P. putida were as follows: carbenicillin, 2
mg/ml; kanamycin, 90 pg/ml; tetracycline, 200 wg/ml. The concentration of
tetracycline used to inhibit the growth of E. coli was 50 pg/ml.

Enzymes and chemicals. Restriction endonucleases and other DNA-modifying
enzymes were obtained from Promega Biotec (Madison, Wis.), Bethesda Re-
search Laboratories, Inc. (Gaithersburg, Md.), or Boehringer Mannheim Bio-
chemicals (Indianapolis, Ind.). The RadPrime Labeling System was obtained
from Gibco BRL (Gaithersburg, Md.). Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) low-molecular-weight markers, blue dextran,
and chromatography media were from Pharmacia Biochemicals (Piscataway,
N.J.); the picoBLUE immunoscreening kit was from Stratagene (La Jolla, Calif.);
yeast tRNA, lysozyme, bovine serum albumin, and soybean trypsin inhibitor type
1S were obtained from Sigma Chemical Co. (St. Louis, Mo.); GeneScreen Plus
hybridization membranes, [«->’P]dCTP, and [y-*P]JATP were from Dupont,
NEN Research Products (Boston, Mass.); Pseudomonas isolation agar was from
Difco Laboratories (Detroit, Mich.). Lrp was a gift of Joseph Calvo, Cornell
University, Ithaca, N.Y.

Nucleic acid isolation and analysis. Chromosomal DNA purification over
cesium chloride gradients by ultracentrifugation, small-scale isolation of plas-
mids by alkaline lysis, restriction digestions, blunt ending of restriction frag-
ments, DNA labelling, and ligations were done as described in reference 23. For
Southern blots, about 5 g of purified bacterial chromosome was electropho-
resed in a 0.9% agarose gel, and the DNA was transferred to a GeneScreen Plus
membrane according to the manufacturer’s instructions. The membrane was
prehybridized and then hybridized at 55°C overnight with a random primer-
labelled probe consisting of the 415-bp PstI-Nael region of bkdR obtained by
digestion of pJRS146 with PstI, one of the PstI sites being in the multiple cloning
site of pJRS146 (Fig. 1). The membrane was washed at 55°C according to the
manufacturer’s recommendations and autoradiographed.

Construction of chromosomal bkdR'-lacZ translational fusions. The source of
lacZ for the construction of bkdR’-lacZ translational fusions was pMC1871
(Pharmacia Biochemicals), which contains lacZ minus the promoter, ribosome
binding site, and codons for the first eight nonessential amino acids (7). There
are three unique restriction sites each at the 5" and 3’ ends of lacZ which can be
used to create in-frame (i.e., translational) gene fusions. The construction of P.
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Description

Source or reference

Strains

Agrobacterium tumefaciens
A348
C58

E. coli

DH5a

S17-1
P. aeruginosa PAO
Pseudomonas cepacia
P. putida

PpG2

JS382

JS385

JS386
Rhizobium leguminosarum

Rhodobacter sphaeroides

S. mutans

Plasmids

pCYTEXP1
pIRS104
pJRS105
pIRS119
pIRS146

Wild-type octapine strain (pTiA6NC)
Wild-type nopaline strain (pTiC58m pATC58)

supE44 hsdR17 deoR recA13 endAl lacZAM15
Mobilizing donor strain

ATCC 25692

ATCC 17616

Wild type

EcoRV-Xhol fragment of bkdR deleted and replaced with tet
bkdR'-lacZ fusion; tet inserted in the BstEII site of bkdR
bkdR'-lacZ fusion; tet inserted in the Clal site

ATCC 10314

Wild type

Ingbritt (subtype C)

Expression vector

Smal-Sphl fragment (Fig. 1) cloned in pJRS105
pKRZ-1 AlacZ

bkdR™ cloned in the Ndel site of pCYTEXP1
Nael-Nael fragment (Fig. 1) cloned in pUC19

L. Unger
L. Unger

Bethesda Research Laboratories
24

17

T. Lessie

I. C. Gunsalus

13

This study

This study

M. Mclnerney

S. Kaplan

J. J. Ferretti

1

This study
This study
This study
This study

putida JS385 began with digestion of pMC1871 with BamHI, which released a
3,072-bp DNA fragment containing lacZ. The fragment was blunt ended and
cloned into the EcoRYV site of pJRS40, which contains bkdR, the first 143 bases
of bkdA1, and 946 bases downstream of bkdR on a 1,872-bp fragment in pUC19
(12). This intermediate plasmid contained an in-frame lacZ fusion after the

ORF ﬁz‘z bkd Al
BstEIT
Clal col Styl
Dral SYL Nott | syl
Smal Nael EdoRV |Nael 1/81)1:1
I |
< > pJRS104
“—> pJRS119
+“—» pJRS146
*: A
* B
. C

FIG. 1. Map of bkdR, its flanking regions, and restriction sites used in this
study. bkdA1 is the first gene of the bkd operon, encoding the a subunit of the E1
component; bkdR encodes BkdR; and the open reading frame (ORF) encodes a
protein with sequence similarity to glutamine synthetase. The putative helix-turn-
helix is hatched. The plasmids are described in Materials and Methods and in
Table 1. A to C, DNA fragments used for gel shift and DNase I footprinting
assays. Fragments A and C were labelled with 32P at the 3’ end of the bottom
strand; fragment B was labelled at the 3’ end of the top strand. “Top” and
“bottom” refer to the DNA strands shown in this figure and in Fig. 5.

eighth codon of bkdR at the EcoRYV site, which was verified by its DNA sequence.
Double crossover mutants of P. putida were created by a published procedure
(26) after the introduction of an oriT fragment from pLAFRI1 (9) to facilitate
transfer of plasmids to P. putida and a tet gene into the blunted BstEII site of
bkdR. This plasmid was transferred to E. coli S17-1 (24) by electroporation and
then mated into P. putida PpG2 to obtain P. putida JS385. Double crossover
mutants were Tet” Amp® and unable to use branched-chain amino acids as
carbon sources. The insertion of the genes into the chromosome was verified by
restriction digestions and Southern blotting (23).

For the construction of P. putida JS386, pJRS40 (12) was digested with Ncol,
and the ends were filled in. Next, the 3,072-bp lacZ fusion cassette described in
the previous paragraph was cloned into the blunt-ended plasmid, yielding an
intermediate plasmid containing a lacZ translational fusion after the 44th amino
acid codon of bkdR at the Ncol site. Again, the construction was verified by its
DNA sequence, and the remaining steps were as described for construction of P.
putida JS385, except that in this case fer was inserted into the Clal site of pJRS
40, immediately downstream of bkdR.

Plasmid constructions. pJRS104 was constructed by digesting pJRS40 (12)
with Smal, releasing the Smal-Sphl fragment (Fig. 1) containing bkdR and the
proximal portions of bkdAI and the open reading frame. This fragment was
ligated into the Smal site of pKRZ-1 (22), a promoter probe vector designed for
use with gram-negative bacteria. The reporter gene in pKRZ-1 is lacZ, most of
which was removed by digestion with EcoRI, yielding pJRS104. The AlacZ
derivative of pKRZ-1, pJRS105, was created by digesting pKRZ-1 with EcoRI
and religating the digest.

The bkdR expression plasmid pJRS119 was constructed by cloning bkdR gen-
erated by PCR into the E. coli expression plasmid pCYTEXP1 (1). The primers
used were 5'-ATTTTGTCATATGCGCAAA-3" and 5'-GCCGCGTGGGACG
CC-3’, which are complementary to the P. putida DNA fragment cloned in
pJRS40 (12) at 1,441 and 781 nucleotides (nt) (GenBank accession number,
M57613). The first oligonucleotide created an Ndel site in the amplified product
at the initiating methionine codon of bkdR. The 635-bp amplified product was
digested with Ndel and Dral to give a 523-bp fragment containing bkdR, which
was cloned into the Ndel and Smal sites of pUCI18 (28). This intermediate
construct helped to create an Sphl site for the final cloning of the PCR product
into pCYTEXP1. pJRS119 was constructed by digesting the pUC18-intermedi-
ate construct with Ndel and Sphl and transcloning the insert into the same sites
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of pCYTEXP1. This plasmid construct was transformed into E. coli DH5« by
electroporation.

pJRS146 was constructed by digesting pJRS40 (12) with Nael, and the result-
ing 705-bp fragment containing part of bkdR, the bkdR-bkdA1 intergenic region,
and the 5’ terminus of bkdAI (Fig. 1) was cloned into the Hincll site of pUC19,
with bkdAI in the same orientation as lacZ.

Gel mobility shift assays. Fragment A (Fig. 1), containing the bkdR-bkdAI
intergenic region, was prepared by digesting pJRS146 with Styl, located in bkdR,
and EcoRI, located in the multiple cloning site, to give a 378-bp fragment which
includes the Styl-Nael region. Fragment A was labelled at the 3’ end of the Styl
site with [a-*?P]dCTP and Klenow fragment, which labelled the bottom strand
(Fig. 1) (top strand and bottom strand are defined in the legend to Fig. 1).
Fragment C (Fig. 1), also used for gel mobility shifts assays, was prepared by
digesting pJRS146 with EcoRYV, located in bkdR, and Hindlll, located in the
multiple cloning site. Fragment C was 435 bp in length and included the Nael-
EcoRV region of bkdR. Fragment C was labelled at the 3" end of the bottom
strand with [a-*?P]dCTP and Klenow fragment. All labelled fragments were
purified by electrophoresis through 5% polyacrylamide gels before use.

Gel mobility shift assays were performed with a 5% polyacrylamide gel in 1X
TAE (40 mM Tris-acetate, 2 mM EDTA) buffer. The 1X binding buffer con-
tained 20 mM Tris-HCI (pH 7.5), 10% glycerol, 5 mM MgCl,, 0.1 mM EDTA, 1
mM dithiothreitol, and 50 mM NaCl. Protein-DNA binding was initiated by
mixing the binding buffer, salmon sperm DNA (0.5 pg), and branched-chain
amino or keto acids (50 mM unless otherwise noted) with the labelled DNA in
a total volume of 10 pl, and protein was added as described in the legend to Fig.
3. The reaction mixtures were incubated at room temperature for 5 min before
loading. Electrophoresis was conducted for 1.5 h at 100 V, and the gels were
dried before autoradiography.

DNase I footprinting. Two fragments were used for DNase I footprinting. The
first was fragment A (described above), labelled at the 3’ end of the bottom
strand (Fig. 1). The second, fragment B, 217 bp, was prepared by digesting
pJRS146 with EcoRV (located in bkdR) and Xbal (located in the multiple
cloning site), releasing the EcoRV-Nael region shown in Fig. 1. The 3" end of the
Xbal site was labelled with Klenow fragment and [«->?P]dCTP, which labelled
the top strand (Fig. 1). The reaction mixture of 20 wl contained 50,000 Cerenkov
counts of labelled DNA, 1.2 pg of poly(dI-dC) in 20 mM Tris-HCI (pH 7.5), 5
mM MgCl,, 1 mM dithiothreitol, 0.1 mM EDTA, 50 mM NacCl, 50 pg of bovine
serum albumin per ml, and 270 nM BkdR and was incubated for 10 min at room
temperature. When branched-chain amino acids or a-ketoisovalerate was
present, the concentration was 50 mM. Next, 2 pl of 100 mM MgCl,-30 mM
CacCl, and 10 to 20 mU of DNase I (Boehringer Mannheim) in 1 ul were added,
and the mixture was incubated for 1 min at room temperature. The reaction was
terminated by the addition of 60 wl of stop buffer consisting of 150 mM NaCl,
0.7% SDS, 15 mM EDTA, and 100 pg of tRNA per ml. The samples were
extracted with phenol-chloroform, precipitated with ethanol, and washed with
70% ethanol before the DNA pellet was solubilized by addition of 10 pl of 47%
formamide, 10 mM EDTA, 0.05% bromphenol blue, and 5% xylene cyanol. The
samples were heated at 90°C for 1 min and electrophoresed on a 6% DNA-
sequencing gel containing 7 M urea. The nucleotides protected by DNase I were
identified by electrophoresing chemical sequencing reactions (G, G+A, and C)
of DNA probes alongside DNase I footprinting reactions as described in refer-
ence 16.

Enzymatic methods. For measurement of the activity of bkdR-lacZ fusions, the
cells were harvested at mid-log phase and suspended in 0.1 M sodium phosphate
buffer, pH 7.5, containing 5 mM B-mercaptoethanol. The cells were sonicated in
an ice bath and centrifuged at 90,000 X g at 4°C for 1 h. The protein content of
the cell extracts was estimated by the biuret method (11) using bovine serum
albumin as a standard. The B-galactosidase activity of the extracts was measured
by the method of Miller (18).

Purification of BkdR. For the purification of BkdR, 2 liters of L broth con-
taining 200 pg of ampicillin per ml was inoculated with 20 ml of an overnight
culture of E. coli DH5a(pJRS119) grown in the same medium. The culture was
grown at 30°C with aeration until an A, of 0.8. The temperature was quickly
shifted to 42°C, and the culture was grown at this temperature for 3 h. The cells
were harvested and then suspended in 18 ml of TMN buffer (20 mM Tris-HCI,
pH 7.5, containing 0.05% B-mercaptoethanol and 0.02% NaN3;). The cell sus-
pension was placed in an ice bath, and the cells were broken by sonic oscillation
(25) and then centrifuged for 1 h at 90,000 X g. The protein concentration of the
crude extract was estimated by the biuret method (11). All of the purification
procedures were done at 4°C, starting with 250 to 300 mg of protein, which was
loaded on a DEAE Sepharose CL-6B column (2 by 17 cm) equilibrated with
TMN buffer containing 0.1 M NaCl. Unbound proteins were eluted with 100 ml
TMN buffer plus 0.1 M NaCl, and bound proteins were separated by a linear
gradient of 0.1 to 0.3 M NaCl (400 ml) in TMN buffer. Purification of BkdR was
followed by SDS-PAGE, looking for the characteristic protein band at about 20
kDa. Fractions of 4 ml were collected, and the fractions containing BkdR were
pooled. The protein content of column fractions was determined by the dye
binding assay (2) using the Bio-Rad (Hercules, Calif.) microassay procedure with
bovine serum albumin as a standard. The pool from DEAE Sepharose CL-6B
chromatography, containing 80 to 100 mg of protein, was loaded onto a heparin
Sepharose CL-6B column (1.6 by 11 cm), and unbound proteins were eluted by
washing with 5 column volumes of TMN buffer containing 10 mM MgCl, and 0.1
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M NaCl. Bound proteins were separated by a gradient of 0.1 to 0.4 M NaCl in
150 ml of TMN buffer plus 10 mM MgCl, and 0.1 M NaCl. Fractions of 2 ml were
collected, and the fractions containing BkdR were pooled and dialyzed overnight
against TMN buffer containing 2% glycerol, causing precipitation of BkdR. The
retentate was centrifuged at 10,000 rpm for 20 min in a Sorvall RC5C centrifuge
at 12,000 X g. The pellet was redissolved in 10 wM Tris-HCI (pH 8.0)-1 uM
EDTA-0.005% B-mercaptoethanol-0.2 M NaCl-50% glycerol and stored at
—70°C until used. The yield was 2 to 3 mg of purified BkdR from 250 mg of crude
extract.

The N-terminal amino acid sequence of BkdR was determined by the Molec-
ular Biology Resource Facility of the University of Oklahoma Health Sciences
Center.

The molecular weight of BkdR was estimated by gel filtration chromatography
using a Sephadex G-150 column (1.0 by 25 cm) (particle size, 40 to 120 pum)
equilibrated with 20 mM sodium phosphate, pH 8.0, containing 10% glycerol,
200 mM NaCl, 0.005% B-mercaptoethanol, 1 mM EDTA, and 0.02% NaN.
About 100 wg of BkdR or standard proteins was loaded onto the column in a
volume of 60 to 100 pl of buffer and eluted at a flow rate of 20 ml/h at room
temperature. Fractions of 0.7 ml were collected, and the protein contents of the
fractions were monitored by measuring the A,g, (11) or by the dye binding
method (2). Molecular weight standards used were blue dextran, Lpdval of P.
putida (98,000) (5), bovine serum albumin (67,000), soybean trypsin inhibitor
(20,000), and lysozyme (14,000).

The absorption spectrum of BkdR was obtained by diluting purified BkdR to
0.1 mg/ml in 1 mM Tris-HCI (pH 8.0)-0.1 mM EDTA-0.2 mM sodium chloride—
0.005% B-mercaptoethanol-10% glycerol. The absorption spectrum from 240 to
320 nm was scanned and recorded by a Gilford Response UV-vis spectropho-
tometer.

Western blots (immunoblots). Rabbit polyclonal antibodies were prepared by
Rockland, Inc. (Gilbertsville, Pa.), by injecting 15 pg of purified BkdR into a
New Zealand White rabbit with Freund’s complete adjuvant, and two boosters of
15 pg each were given in Freund’s incomplete adjuvant at 2-week intervals.
Serum was obtained on the fourth day following the second booster and was
preabsorbed with 75 wg of P. putida JS382 protein per pg of antiserum protein.
P. putida JS382 is a bkdR deletion mutant (Table 1).

For Western blots, proteins were fractionated on a 12% separating gel and
electrophoretically transferred to a BA-S supported nitrocellulose transfer mem-
brane (Schleicher and Schuell, Keene, N.H.). Detection of BkdR was accom-
plished with an ECL Western blotting analysis system from Amersham (Arling-
ton Heights, Ill.) with the following modifications. The membrane was blocked
with 5% blocking reagent in Tris-buffered saline with 0.5% Tween 20 (BTBST)
at 20°C for 1 h before incubation with primary and secondary antibodies. The
preabsorbed primary antibody was diluted with 25 pl of BTBST per pg of
antibody protein and incubated with the membrane at 20°C for 1 h. The sec-
ondary antibody was goat anti-rabbit serum conjugated with horseradish perox-
idase diluted 1:2,000 (vol/vol) with BTBST and incubated at 20°C for 1 h.
Washing and detection were as described in the manufacturer’s protocol with
exposure times of 20 to 30 min.

RESULTS

Purification and properties of BkdR. Expression of bkdR in
E. coli DH5a was achieved with pJRS119, which contains bkdR
cloned in pCYTEXP1 and whose construction is described in
Materials and Methods. pCYTEXP1 is an E. coli expression
vector which contains the AP P; promoter and the atpE trans-
lation initiation region and whose expression is controlled by
the temperature-sensitive A repressor clIts857 (1). BkdR was
present in both the soluble and the pellet fractions of the
induced cultures, but only soluble BkdR was purified (Fig. 2),
because insoluble BkdR was inactive. Induction of the cultures
beyond 3 h did not significantly increase the yield of bkdR in
the soluble fraction. The final step was precipitation of BkdR
by dialysis of the pooled fractions obtained from heparin
Sepharose CL-6B chromatography, which removed additional
high-molecular-weight contaminants. The final product was
biologically active in gel mobility shift assays. The sequence of
the first 10 N-terminal amino acids of purified BkdR was Met
Arg Lys Leu Asp Arg Thr Asp Ile Gly, which agreed with the
predicted amino acid sequence (13).

The UV spectrum of BkdR (not shown) was similar to that
of Lrp (33), with an absorption maximum at 278 nm with a
series of ripples in the region of 256 to 270 nm, which are
characteristic of phenylalanine (32). The deduced amino acid
sequence of BkdR lacks tryptophan but contains 2.48 mol%
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FIG. 2. Expression, purification of BkdR, and SDS-PAGE analysis of puri-
fied fractions. The samples were electrophoresed in a 12% separating gel and
stained with Coomassie brilliant blue R250. Lane 1, molecular weight markers in
descending molecular weight order: phosphorylase b, bovine serum albumin,
ovalbumin, carbonic anhydrase, soybean trypsin inhibitor, and a-lactalbumin;
lane 2, cell extract of E. coli DH5a(pJRS119), 14 pg; lane 3, DEAE Sepharose
pooled fractions, 7 ng; lane 4, pooled fractions from a heparin Sepharose CL-6B
column, 2.5 pg; lane 5, precipitated and redissolved BkdR from the heparin
Sepharose CL-6B pool, 1.5 pg.

tyrosine and 3.11 mol% phenylalanine (13). The molar extinc-
tion coefficient of BkdR was estimated to be 5,240 by the
PeptideSort program of the Genetics Computer Group se-
quence analysis program (8). The protein concentration of
BkdR estimated from the A4,,5 was 1.7 times that obtained by
the Bio-Rad microassay procedure.

The molecular weight of BkdR was estimated to be 79,400
by gel filtration chromatography. BkdR was eluted after LpdV
(M., 98,000) and before bovine serum albumin (M,, 67,000).
The estimated molecular weight is about four times the com-
puted molecular weight of the monomer, 18,350 (13). In com-
parison, Lrp is a dimer in solution (33).

Abundance of BkdR in P. putida. BkdR could not be de-
tected in extracts of P. putida PpG2 by conventional Western
blots. However, when enhanced chemiluminescence was used,
it was detectable in extracts of P. putida PpG2 at about 2 to 3
ng/100 pg of protein. No BkdR was detectable in extracts of P.
putida JS382, which is a bkdR deletion mutant (13). Assuming
155 X 107" g of protein per cell (19) and a calculated molec-
ular weight of 73,400 (or four times the monomer molecular
weight of 18,350), there are about 25 to 40 copies of the
tetramer per cell, depending on whether the protein concen-
tration is estimated by the dye binding method or extinction
coefficient. Assuming 6.7 X 10™'2 g of water per cell (19), the
concentration of BkdR inside the cell is about 1071 M.

BkdR binds specifically to the bkdR-bkdA1 intergenic region.
Incubation of purified BkdR with fragment A, which includes
the bkdR-bkdA1 intergenic region (Fig. 1), resulted in retarda-
tion of the DNA fragment due to binding of BkdR. Incubation
of BkdR with fragment C, which includes only bkdR (Fig. 1),
did not result in retardation, demonstrating that BkdR binds
specifically to the bkdR-bkdAI intergenic region. Only one
band was seen in the shifted region, suggesting that only one
complex was formed by BkdR and fragment A. Neither L-
valine nor a-ketoisovalerate had any effect on the mobility or
the number and size of complexes formed with BkdR (Fig. 3).
In separate experiments, it was determined that up to 200 mM
L-leucine and L-isoleucine also had no apparent effect on mo-
bility and number of complexes formed between DNA and
BkdR.

Because Irp complemented chromosomal mutations in bkdR
(13), there was reason to believe that Lrp should also bind to
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FIG. 3. Specific binding of BkdR to the bkdR-bkdAI intergenic region.
Twenty-three nanograms of 3?P-labelled fragment A, which contains the bkdR-
bkdAI intergenic region (Fig. 1) or 3?P-labelled fragment C, which contains only
the bkdR coding sequence (Fig. 1), and 109 nM BkdR were incubated at room
temperature and then electrophoresed in 5% polyacrylamide gel. The concen-
tration of branched-chain amino acids or a-ketoisovaleric acid (a-kiv) was 50
mM.

the region controlling expression of the bkd operon of P.
putida. In separate experiments not shown here, it was found
that Lrp also bound specifically to the bkdR-bkdAI intergenic
region. In this case, two Lrp-DNA complexes were formed
with DNA; however, larger amounts of Lrp or the addition of
as little as 15 mM L-leucine caused the formation of a single
complex.

DNase I protection studies. The region of DNA protected
from the action of DNase I by BkdR extended from about nt
1420 to 1520 (Fig. 4 and 5), numbered as in reference 12. The
pattern with BkdR alone included a distinct hypersensitive site
at about nt 1453 on both the top and the bottom strands (Fig.
4). The addition of L-valine or L-leucine to the incubation
mixture enhanced the appearance of the hypersensitive site at
nt 1453 and produced additional sites at about nt 1485 and
1495 on both strands of DNA, although the nt 1485 site was
barely visible on the bottom strand (Fig. 4). The footprint of
BkdR in the presence of a-ketoisovalerate (Fig. 4) and D-
valine (data not shown) was virtually identical to that of BkdR
alone. These results suggest that branched-chain amino acids
have an effect on binding of BkdR to DNA and possibly on the
expression of the bkd operon. The footprint of Lrp was similar
to that of BkdR, except that the hypersensitive sites were not
as pronounced.

BkdR autoregulates bkdR expression. Many transcription
factors, which are either positive (21) or negative (14) regula-
tors, including Lrp (31), repress expression of their own struc-
tural genes. For comparison, expression of bkdR was studied
with P. putida JS385 and JS386, which contain chromosomal
lacZ translational fusions inserted into codons 9 and 45, re-
spectively, of bkdR (Table 2). These mutants of P. putida were
grown in minimal media containing 10 mM L-glutamate with or
without branched-chain amino acids. When bkdR was supplied
in trans on plasmid pJRS104, there was a reduction of B-ga-
lactosidase activity by 74 to 86% in both strains regardless of
the medium, demonstrating autorepression of bkdR expression
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FIG. 4. DNase I footprinting of fragment B (Fig. 1), labelled at the 3’ end of
the top strand of the bkdR-bkdA1I intergenic region, and of fragment A, labelled
at the 3’ end of the bottom strand. The labelled fragments were incubated with
BkdR and treated with DNase I, and the digest was fractionated on denaturing
acrylamide gels as described in Materials and Methods. The reaction mixtures
contained 50 mM branched-chain amino acids or 50 mM a-ketoisovalerate (o-Kiv).

(Table 2). The B-galactosidase activities of both strains were 15
to 20% lower in extracts prepared from cells grown with
branched-chain amino acids than in extracts from cells grown
in minimal medium with L-glutamate only (Table 2). The data
in Table 2 are the averages for two separate experiments. The
BkdR contents of cell extracts of P. putida JS385 and JS386
carrying pJRS104 were about 4 to 6 ng/100 pg of protein as
estimated by the ECL technique and using the dye-binding
method to calibrate the concentration of purified BkdR.
Therefore, the BkdR content of these cells was about 50 to 75
tetramers per cell, on the basis of the same approximations
employed to calculate the abundance of BkdR in P. putida
PpG2. No BkdR was detectable in extracts of P. putida JS385
or JS386 carrying pJRS105, the cloning vector minus bkdR.
bkdR-like genes are present in other gram-negative bacteria.
The existence of Lrp homologs has been reported only for E.
coli and P. putida, and it was of some interest to see if other
bacteria contain similar genes. Chromosomal DNAs from sev-

1381 TTCCTGCAGGCTGTTGAGAATGCCGATATCGGTACGATCE
AAGGACGTCCGACAACTCTTACGGCTATAGCCATGCTAGY,
E Q L 8 N L I 6 I b T R D

1440

v

1441 1500

1501

GGACCACTAAGATGTAGGGGACGCTGACTTACCAGTC 1560
CCTGGTGATTCTACATCCCCTGCGACTGAATGGTCAG

1561 ACAAGCCGGTACTCAGCGGCGGCCGCTTCAGAGCTCACAAAAACAAATACCCGAGCGAGC 1620
TGTTCGGCCATGAGTCGCCGCCGGCGAAGTCTCGAGTGTTTTTGTTTATGGGCTCGCTCG

bkdAl~
M N E Y A PLURUILHVPEU PTG R
1621 GTAAAAAGCATGAACGAGTACGCCCCCCTGCGTTTGCATGTGCCCGAGCCCACCGGCCGG 1680
CATTTTTCGTACTTGCTCATGCGGGGGEACCCAAACGTACACGGGCTCGGEGTGGCCGGCC

FIG. 5. Nucleotide sequence of the bkdR-bkdAI intergenic region showing
regions of protection by BkdR against DNase 1. The protected nucleotides are
shaded, and the hypersensitive sites are indicated (arrowheads). Potential BkdR-
DNA binding sites are designated I to IV.
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TABLE 2. Effect of bkdR™ on expression of chromosomal
bkdR'-lacZ translational fusions

B-Galactosidase (sp act)”

P. putid .
stfairllua Plasmids Basal Basal medium
medium® + Val-Ile?
JS385 None 71 57
JS385 pJRS105/pKRZ-1 AlacZ 154 128
JS385 pJRS104/pJRS105 bkdR™ 40 30
JS386 None 249 222
JS386 pJRS105/pKRZ-1 AlacZ 557 402
JS386 pJRS104/pJRS105 bkdR™ 84 82

“ Both strains are bkdR'-lacZ.

b In micromoles of o-nitrophenyl-B-p-galactoside hydrolyzed per minute per
milligram of protein. The data are averages for two experiments.

¢ Containing 10 mM L-glutamate.

4 Final concentrations: Val, 0.3%; Ile, 0.1%.

eral species were isolated and tested for the presence of bkdR-
like genes by Southern hybridization (Fig. 6). Hybridization
signals were obtained with DNAs from several gram-negative
bacteria but not with DNA from the gram-positive Streptococ-
cus mutans. In a separate experiment a chromosomal digest of
P. putida DNA with PstI showed one intense band, suggesting
that there is a single copy of bkdR on the chromosome. Chro-
mosomal DNA of Pseudomonas aeruginosa showed the stron-
gest signal of those tested.

DISCUSSION

Comparison of potential BkdR binding sites with Lrp con-
sensus sequences. Wang and Calvo (29) identified six binding
sites for Lrp in the region upstream of the ilv[H operon and
arrived at the consensus sequence binding site shown in Fig. 7.
Rex et al. (20) identified the Lrp operator for the tdh operon
of E. coli and compared this sequence with sequences of up-
stream regions of other operons known to be regulated by Lrp,
including ilvIH, and their consensus sequence is also shown in
Fig. 7. There are four sequences (I to IV) in the BkdR-pro-
tected region which are similar to the consensus sequences in

S. mutans

R. sphaeroides

R. leguminosarum
A. tumefaciens A348
A. tumefaciens C58
P. cepacia

P. aeruginosa

P. putida

2

FIG. 6. Southern blots of chromosomal DNAs of gram-negative bacteria
probed with bkdR. About 5 pg of purified chromosomal DNA was electropho-
resed in agarose gels and hybridized with a 415-bp PstI-Nael fragment of bkdR
as described in Materials and Methods.
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AGAATTTTATTCT Wang and Calvo (1993)
TTTATTCtNaAT Rex et al. (1991)
GAGTTTGCGCATGAGAC [
TGATTTTGTCTCAT Il
GTTTATGCGGAATGITTAT I
AGAATTTTTCTCTCT v

FIG. 7. Comparison of putative BkdR and Lrp binding sites. The direct
repeats of site III are underlined.

references 29 and 20. All sequences contain at least three
thymine residues. Sequence IV has the strongest similarity to
the Lrp consensus sequences. Sequences I (top strand) and 11
(bottom strand) overlap the 5" end of bkdR and could play a
role in repression of bkdR expression (Table 2). Sequence III,
on the top strand of Fig. 5, contains a direct repeat shown in
Fig. 7. The bkdR-bkdA1 intergenic region is unusually low in
G+C for P. putida, and this low G+C content could play a role
in transcriptional regulation by facilitating DNA melting
and/or bending. Bergey’s manual states that the average for P.
putida is 62.5 mol% G+C (10). The intergenic region between
bkdR and bkdA1 is only 50 mol% G+ C compared with 65.3%
for all four bkd structural genes.

Role of BKdR in the expression of the bkd operon. All of the
bkdR mutants (13) seem to be affected only in expression of the
bkd operon, and so far there is no evidence that BkdR is a
global regulator in P. putida. In addition, the low copy number
of about 25 to 40 tetramers of BkdR per cell, in contrast to the
copy number of about 3,000 dimers of Lrp per cell (33), sup-
ports this conclusion. The earlier genetic data (13) showing
that bkdR null mutants fail to express the bkd operon demon-
strated that BkdR is a positive transcriptional regulator of the
bkd operon. The present biochemical studies show that the
protein encoded by bkdR binds specifically to the bkdR-bkdA1
intergenic region. Like many other transcriptional activators,
BkdR autorepresses expression of its own structural gene (Ta-
ble 2). There is clearly an effect of L-branched-chain amino
acids in the DNase I protection experiments resulting in the
enhancement of hypersensitive sites. The significance of this
phenomenon in expression of the bkd operon is currently being
studied. Expression of the bkd operon of P. putida takes place
in media with branched-chain amino acids or branched-chain
keto acids as the carbon sources (15). However, it was not
possible to tell from this early study which compounds were the
true inducers. The effect of branched-chain amino acids on
DNase I protection studies and the failure of a-ketoisovalerate
to influence the pattern of protection favors a role for
branched-chain amino acids in this process. Factors other than
BkdR are probably involved in expression of the bkd operon to
account for repression by glucose and ammonium ion (27).
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