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BkdR is the positive transcriptional activator of the inducible bkd operon of Pseudomonas putida. Evidence
is accumulating that L-branched-chain amino acids are the inducers of the operon, and the data obtained in
this study show that they induce a conformational change in BkdR. Addition of L-branched-chain amino acids
increased the susceptibility of BkdR to trypsin with the cleavage between Arg-51 and Gln-52 on the C-terminal
side of the DNA-binding domain. L-Valine also caused an increased fluorescence emission intensity and
produced significant changes in the circular dichroism spectrum of BkdR. Analytical ultracentrifugation
confirmed earlier data obtained from gel filtration that BkdR was a tetramer with a Stokes radius of 32 6 3
Å and an axial ratio of 2:1.

The branched-chain keto acid dehydrogenase multienzyme
complex is the second enzyme in the catabolic pathway of
branched-chain amino acids. Branched-chain keto acid dehy-
drogenases from Pseudomonas putida (27), Pseudomonas
aeruginosa (20), Bacillus subtilis (15), bovine kidney (22), and
rabbit liver (21) are composed of three components but four
polypeptides. The bkd operon (3–5) of P. putida encodes the
four polypeptides of the complex.
Regulation of expression of catabolic pathways in pseudo-

monads is not well understood, except that cyclic AMP is not
involved (23, 26). Recently, a novel protein, CRC, which plays
a role in carbon catabolite repression has been isolated from P.
aeruginosa (16). Expression of branched-chain keto acid dehy-
drogenase of P. putida is induced in media containing D- or
L-branched-chain amino or keto acids (19). The expression of
branched-chain keto acid dehydrogenase is repressed by am-
monium ion, glucose, and succinate (29), so expression of this
operon is under complex regulation.
BkdR is the positive regulator of the bkd operon of P. putida

and belongs to the Lrp family of proteins (18). Lrp, the
leucine-responsive protein, is a global transcriptional regulator
of Escherichia coli and is a dimer with about 3,000 copies per
cell (6). In contrast, there are about 25 to 40 copies of BkdR
per cell in P. putida, and the molecular weight of BkdR esti-
mated by gel filtration indicated that BkdR is a tetramer (17).
BkdR binds specifically to about 100 to 110 bp of DNA in the
bkdR-bkdA1 intergenic region with four potential binding sites
in this region (17) based on similarity to Lrp-binding consensus
sequences (10, 25, 30). Twelve monomers or three tetramers of
BkdR bind per mol of substrate DNA (11), which explains why
such a large segment of DNA is protected from DNase I by
BkdR. L-Branched-chain amino acids change the DNase I pro-
tection pattern by enhancing the appearance of hypersensitive
sites in the protected region (17).
Assuming that branched-chain amino or keto acids are the

inducers of the bkd operon, one mechanism by which an in-
ducer could affect transcription would be through a conforma-

tional change of BkdR. The present paper describes the effects
of L-branched-chain amino acids on the secondary structure of
BkdR. Additional data are provided about the tetrameric
structure of BkdR and the Stokes radius of the tetramer.
L-Branched-chain amino acids enhance the proteolytic di-

gestion of BkdR. Limited proteolysis of BkdR by trypsin was
markedly enhanced in the presence of 50 mM L-valine, pro-
ducing 14- and 6-kDa peptides (Fig. 1), suggesting that a con-
formational change had been induced. However, substrate
DNA (17) had no effect on proteolysis. In separate experi-
ments (results not shown), 50 mM L-leucine and L-isoleucine
also enhanced the sensitivity of BkdR to digestion by trypsin,
but a-ketoisovalerate, L-glutamate, and L-alanine did not.
To identify the cleavage site, about 100 mg of BkdR was

digested by 0.3 mg of trypsin in a total volume of 180 ml with
the same buffer and conditions described in the previous para-
graph except that the buffer included 50 mM L-valine. At the
end of 90 min, the reaction was stopped by adding an equal
volume of 23 loading buffer. Peptides were separated electro-
phoretically by sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis on 10 to 20% gradient gels and transferred
to a Trans-Blot membrane (13). The band corresponding to
the 14-kDa peptide was excised, and the N-terminal amino
acid sequence was determined by microsequencing at the Uni-
versity of Oklahoma Health Sciences Center Molecular Biol-
ogy Resource Facility. The sequence of the first 10 amino acids
was Gln Gln Val Thr Leu Leu Ser Pro Glu Ala. Therefore, the
cleavage site was between Arg-51 and Gln-52 on the C-termi-
nal side of the putative helix-turn-helix of BkdR (17) yielding
a DNA-binding domain and a C-terminal domain.
It was possible to quantitate the effect of L-valine by mea-

suring the amount of radioactivity in the digestion products
resulting from the digestion of [35S]BkdR prepared as de-
scribed elsewhere (11). Preliminary experiments demonstrated
that radioactivity determined by the phosphorimager was di-
rectly proportional to the amount of BkdR. The radioactivity
in the low-molecular-weight bands was determined, and the
data were plotted as S/V versus S, where S is the concentration
of L-valine (in this case from 1 to 20 mM) and V is the radio-
activity in the digestion products (Fig. 2). In this plot, the
negative intercept of the x axis is equal to2Km. The average of
three separate experiments produced a Km of 2.5 mM. This is
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the concentration of L-valine which resulted in a half-maximal
rate of proteolysis of BkdR by trypsin resulting from the
change in conformation of BkdR.
Fluorescence emission spectrum of BkdR plus L-valine.

Changes in the fluorescence emission spectrum of BkdR in the
presence of L-branched-chain amino acids confirmed that a
conformational change had occurred in BkdR. Excitation at
278 nm resulted in an emission maximum at 305 nm (Fig. 3).
BkdR lacks tryptophan but contains 2.5 mol% of tyrosine (18),
which accounts for the emission maximum at 305 nm (7).
Addition of 50 mM L-valine caused a 16% increase in intrinsic
fluorescence emission with no change in the emission maxi-
mum nor in the shape of the spectrum. Addition of D-valine
did not affect the UV spectrum. The change in fluorescence
emission is relatively small because of the absence of trypto-
phan in BkdR.
CD spectroscopy. Addition of L-branched-chain amino acids

resulted in a large change in the circular dichroism (CD) spec-
trum (Fig. 4). The CD spectrum in the absence of L-valine was
characterized by a single large negative peak at 283 nm with
shoulders at 275 and 293 nm (Fig. 4). Addition of 50 mM

L-valine resulted in a reduction of [u]mrw by almost half with
peaks at 275, 283, and 293 nm and a shoulder at 268 nm.
Addition of D-valine to BkdR gave a CD spectrum identical to
the spectrum with no ligand. The peak at 283 nm and the
shoulders at 275 and 290 nm are likely due to conformational
changes in the region of tyrosine residues. There was no
change in the far CD spectrum from 200 to 250 nm caused by
the addition of L-branched-chain amino acids.
The secondary structure of BkdR deduced from the CD

spectra by Prosec consists of 11% a-helix and 48% b-turns,
with the rest being aperiodic structure with no b-sheets. As-
suming that about 20 amino acids compose the helix-turn-helix
(2), this would constitute about 12% of the total protein. The
figure of 11% a-helix obtained from analysis of the CD spectra
suggests that the only helical structure in BkdR is the DNA-
binding domain. Lrp, a homologous protein, has been divided
into DNA-binding, activation, and ligand-binding domains by

FIG. 1. Effect of L-valine on tryptic digestion of BkdR. All reaction mixtures
contained 18 mg of BkdR ('1 pmol) in final volume of 65 ml. Other components
were added as follows: L-valine, 32.5 mmol (50 mM); substrate DNA, 800 mg
('3.6 pmol); trypsin, 0.1 mg. Substrate DNA was a 354-bp PCR fragment ex-
tending from nucleotide 1286 to 1639 which includes the bkdR-bkdA1 intergenic
region. Nucleotide numbering is the same as that in GenBank sequence M57613.
Samples were taken from tubes 1 to 4 before addition of trypsin and from tubes
5 to 8 45 min after the addition of trypsin. The digestion conditions are taken
from those described in reference 9. The molecular mass markers are shown at
the left.

FIG. 2. Plot of S/V versus concentration of L-valine. S is the concentration of
L-valine, and V is the amount of radioactivity in the 14- and 6-kDa digestion
products detected by phosphorimaging. Ç, E, and h represent the results of
three separate experiments.

FIG. 3. Fluorescence emission spectra of BkdR. The concentration of BkdR
was 0.3 mg ml21 in 50 mM potassium phosphate (pH 7.5)–200 mM NaCl–10%
glycerol. Spectra were recorded in an SLM-8000 spectrofluorometer (SLM-
Aminco Instruments Inc., Urbana, Ill.) with excitation at 278 nm. Ligand con-
centration, 50 mM.

FIG. 4. Effect of L-valine (50 mM) on the CD spectrum of BkdR. The
concentration of BkdR was 2.14 mg ml21 dissolved in 50 mM sodium phosphate
buffer, pH 7.5, containing 200 mM NaCl and 18% glycerol. The spectra were
read at 278C in a model 62DS AVIV CD spectrophotometer. The mean residue
weight for BkdR was 113.976.
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cataloging the effects of mutations on the action of Lrp (24),
and this will probably be true also of BkdR.
Analytical ultracentrifugation of BkdR. The molecular

weight of BkdR obtained by gel filtration indicated that BkdR
was a tetramer (17), which was somewhat surprising since Lrp
is a dimer (6). In order to confirm this finding, the molecular
weight of BkdR was determined by sedimentation equilibrium.
Portions of a solution containing 1 mg of BkdR ml21 were
dialyzed against 10 mM Tris-HCl (pH 8.0)–1 mM EDTA–200
mM NaCl–10% glycerol (nondenaturing buffer) and the same
buffer containing 0.1% SDS with 0.1% mercaptoethanol (de-
naturing buffer). The final concentrations of BkdR in the non-
denaturing buffer were 0.05, 0.1, and 0.2 mg ml21, and the final
concentrations of BkdR in the denaturing buffer were 0.2 and
0.4 mg ml21. Sedimentation equilibrium experiments were
performed (1) at 208C at 16 and 24 krpm for the BkdR solu-
tions in nondenaturing buffer and 26 krpm for those solutions
in the denaturing buffer by using a Beckman model E analyt-
ical ultracentrifuge. The data were fitted globally by NONLIN
(12) and analyzed with various assumed models of molecular
association. NONLIN yields the model of association, the as-
sociation constants, and the molecular weight of the smallest
associating molecule. The value of £, which is necessary for the
calculation of molecular mass, was 0.745 ml g21 and was cal-
culated from the amino acid content (8).
The association model which best fits the sedimentation

equilibrium data is one in which BkdR is mainly a tetramer in
solution which has a tendency to further dimerize to an oc-
tamer. In the absence of SDS, the smallest associating mole-
cule had a molecular mass of 84 6 2 kDa. This is higher than
that expected for the tetramer calculated from the amino acid
composition (73.4 kDa). In order to obtain the theoretical
molecular mass from the sedimentation equilibrium data, £
would have to be about 0.71 ml/g. Since the theoretical value of
£ applies only to aqueous solutions, it is possible that 10%
glycerol, which is used to keep BkdR in solution (17), causes a
decrease in its actual value.
Sedimentation equilibrium data obtained from BkdR dis-

solved in buffer containing SDS and b-mercaptoethanol were
best fitted by a weak monomer-dimer equilibrium in which the
smallest associating molecule had a molecular mass of 21.4 6
0.4 or 18.4 6 0.4 kDa with a £ of 0.71 ml/g. However, the ratio
of the molecular masses obtained in the absence of SDS and
mercaptoethanol to that in the presence of SDS and mercap-
toethanol is about 4 (3.93 6 0.17) no matter which value of £
is used. Therefore, under these conditions, the tetramer is
dissociated to a monomer which has a small tendency to dimer-
ize.
Sedimentation velocity experiments were run on the protein

solutions (0.4 mg/ml) which had been dialyzed against buffer
and buffer containing 0.1% SDS. These experiments were per-
formed in a Beckman XLA analytical ultracentrifuge at 60
krpm at 208C. The concentration gradient was monitored by
radial absorption measurements at 280 nm, and the data were
analyzed by the “g* (s)” method (28).
Velocity sedimentation of BkdR in buffer in the absence and

presence of SDS produced s values of 5.44 6 0.4 and 1.55 6
0.11, respectively. Assuming that these values (obtained at a
protein concentration of 0.4 mg/ml) are close to the zero con-
centration values, one can take them to be approximately the
s20,w values of the tetramer and monomer, respectively. Be-
cause the dissociation of the tetramer is not complete in SDS
alone, the latter value is only approximate. Assuming that the
molecule can be represented as a hydrated prolate ellipsoid
with the usual hydration factor of 1.33 g per g of protein, the
two values produce axial ratios of 2:1 6 1 and 8:1 6 1 for the

tetramer and monomer, respectively. The computed Stokes
radius for the tetramer is 32 Å and for the monomer is 27.5 Å.
However, the axial ratio and Stokes radius of the monomer
were obtained in buffer with SDS, which denatures protein, so
these numbers cannot be compared with those for the tetramer.
Role of BkdR in transcription of the bkd operon. The bkd

operon is induced by growth on DL-branched-chain amino and
branched-chain keto acids (19). This means that at least one
class of these compounds is the inducer and very likely binds to
BkdR effecting a change which allows transcription to occur.
Evidence is accumulating that the inducers are the L-branched-
chain amino acids. In addition to the data presented here,
L-branched-chain amino acids enhance the appearance of hy-
persensitive sites in the DNase I protection pattern, while
D-branched-chain amino acids and branched-chain keto acids
have no effect (17). This report shows that one of the changes
brought about by L-branched-chain amino acids is a conforma-
tional change in BkdR. The prediction can be made that L-
branched-chain amino acids should be required for transcrip-
tion of the bkd operon, and these experiments are under way.
The fact that the concentration of L-branched-chain amino

acids required to effect a change in the conformation of BkdR
is in the millimolar range (Fig. 2) suggests that the bkd operon
will be induced at the same concentration. This fits with the
role of branched-chain keto acid dehydrogenase in the cell.
Because the bkd operon is not induced until the intracellular
concentration of branched-chain amino acids approaches the
millimolar range, there are no gene products to interfere with
the biosynthesis of leucine via a-ketoisovalerate.
Although Lrp and BkdR are homologous proteins, Lrp is a

dimer and BkdR is a tetramer. Lrp activates transcription of
the bkd operon in a bkdR-null mutant (18); therefore, it was
important to firmly establish that BkdR is a tetramer. Mobility
through gel filtration columns is affected by the shape of the
molecule as well as the molecular weight. However, analytical
ultracentrifugation does not suffer from this shortcoming. The
results of the analytical ultracentrifugation studies reported
here demonstrate clearly that BkdR is a tetramer with some
tendency to form an octamer. We have also found that chro-
matography of BkdR in 5 mM L-valine did not affect the
mobility of BkdR in filtration through Sephadex G-150. There-
fore, valine does not affect the association properties of BkdR
in a major way. In addition, BkdR recovered from the gel
filtration column was active in the gel shift assay, so the tet-
ramer is active in binding DNA. A single BkdR-DNA complex
was obtained under a number of conditions with a stoichiom-
etry of 12 monomers or 3 tetramers per mol of substrate DNA
(11). Therefore, all the evidence indicates that it is the BkdR
tetramer which binds DNA. It is still possible that the tetramer
could dissociate to dimers after binding substrate DNA as does
the Lac repressor (14), but this remains to be determined.
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