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Bacterial biosynthesis of proline from glutamic
acid involves, consecutively, three enzymes: 

 

γ

 

-glu-
tamyl kinase, 

 

γ

 

-glutamyl phosphate reductase, and 1-
pyrroline-5-carboxylate reductase. In 

 

Pseudomonas
aeruginosa

 

, the production of the first two enzymes
depends on the proline concentration, while that of the
third enzyme does not [1]. The first two enzymes are
encoded by 

 

pro

 

A and 

 

pro

 

B, which usually form an
operon in proteobacteria. 

 

Pseudomonas pro

 

A and

 

pro

 

B are far apart on the chromosome and are tran-
scribed in opposite directions. In 

 

Bacillus subtilis

 

,
transcription of the 

 

pro

 

BA operon is regulated using
the T box [2], which is involved in a general mecha-
nism regulating the genes for aminoacyl-tRNA syn-
thases, amino acid-metabolizing proteins, and amino
acid transporters and occurs mostly in Gram-positive
bacteria [3, 4]. Since such a regulation is rare in Gram-
negative bacteria, it is of interest to study the protein–
DNA regulation. In 

 

Escherichia coli

 

, the above three
enzymes are inhibited by proline and there are no data
on protein–DNA regulation.

In this work, we performed a mass search for a reg-
ulatory protein-binding site in the upstream regions of
the three proline biosynthesis genes. Bacterial
genome sequences were extracted from GenBank.
Conserved regions were sought using a program based
on an original algorithm, which finds a clique in a
multidivisible graph [5].

First, we examined the 5'-leader regions sized up to
200 bp of operons containing 

 

pro

 

A or 

 

pro

 

B in all com-
pletely sequenced genomes of 

 

γ

 

- and 

 

α

 

-proteobacte-
ria. When a leader region was greater, we analyzed
only the first 200 bp upstream of the first gene of the
operon. A mass search of the leader regions revealed
conserved sequences, which presumably contained
regulatory sites of the corresponding operons. Con-

served sequences of 16 bp with the consensus MTAC-
CAAYNNNYYTSY were found in 

 

γ

 

-proteobacteria
of the genera 

 

Pseudomonas

 

 and 

 

Shewanella.

 

 A site
located upstream of 

 

pro

 

A, coding for 

 

γ

 

-glutaminase,
was found in 

 

P. aeruginosa

 

 PAO1, 

 

P. putida

 

 KT2440,

 

P. syringae

 

 pv. 

 

tomato

 

 str. DC3000, 

 

Shewanella
oneidensis

 

 MR-1, 

 

S. amazonensis

 

 SB2B, 

 

Shewanella

 

sp. PV-4, 

 

S. frigidimarina

 

 NCIMB 400, 

 

S. baltica

 

OS155, 

 

S. putrefaciens

 

 CN-32, 

 

Shewanella

 

 sp. MR-4,

 

Shewanella

 

 sp. MR-7, and 

 

Shewanella

 

 sp. ANA-3. A
site located upstream of 

 

pro

 

B, coding for 

 

γ

 

-glutamyl
phosphate reductase, was found in 

 

P. aeruginosa

 

PAO1 and 

 

P. fluorescens

 

 Pf-5. A corresponding multi-
ple sequence alignment is shown in the figure. Note
that, in 7 out of 15 cases, the site was repeated in the
same leader region with a small distance between the
repeats, suggesting a cooperative binding of the regu-
lator. The algorithm did not find conserved sites
upstream of the operons containing 

 

pro

 

A or 

 

pro

 

B in
the other genomes examined. In addition, the algo-
rithm did not find conserved hairpins (inverted repeats
in the DNA sequence) in the leader regions of the
genes in question.

It is possible to assume that the above conserved
DNA region coincides with or contains a binding site
for a protein that regulates transcription as dependent
on the proline concentration. In 

 

Pseudomonas

 

 and

 

Shewanella

 

, sites regulating transcription of the 

 

γ

 

-
glutamyl kinase gene were predicted upstream of
TATAA, which is characteristic of the (–10) promoter
box.

Such a site was not found upstream of the operons
under study in 

 

Azotobacter vinelandii

 

, although this
organism is evolutionarily close to the bacteria pos-
sessing the predicted site. The site was detected only
upstream of the 

 

γ

 

-glutamyl kinase gene in 

 

P. putida
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and 

 

P. syringae

 

, only upstream of the 

 

γ

 

-glutamyl
phosphate reductase gene in 

 

P. fluorescens

 

, and in the
upstream regions of both 

 

pro

 

A and 

 

pro

 

B in 

 

P. aerugi-
nosa.

 

In 

 

P. aeruginosa, pro

 

A and 

 

pro

 

B whose upstream
regions contain the predicted site have experimentally
been demonstrated to respond to changes in proline
concentration, although the mechanism of this regula-
tion has not been identified [1].

The amplitude of changes in gene expression is
only about 40% in 

 

P. aeruginosa

 

 [1]. The low effi-
ciency of regulation is possibly explained by the fact
that the putative regulatory protein-binding site is not
repeated in 

 

P. aeruginosa.

 

 It is known that repetitive
sites usually provide for a greater amplitude of
changes in expression owing to a cooperative binding
of the regulator.

Since 

 

Pseudomonas

 

 and 

 

Shewanella

 

 are rather dis-
tant, it is important to note that the regions between
the putative sites found upstream of the orthologous
genes are not conserved in species of the different
genera (figure).

Second, we checked whether the multiple
sequence alignment of the putative sites was arbitrary,
while similar studies are commonly restricted to con-
struction of an alignment. For this purpose, we exam-
ined the 5'-leader regions sized up to 200 bp or trun-
cated to 200 bp for all genes in 

 

S. oneidensis.

 

Sequences close to the above 16-bp consensus was
found only in two cases: upstream of the 

 

pro

 

AB
operon and upstream of a hypothetical gene coding for
unknown protein AAN56706. The sequence was
repeated in either case. The first repetitive sequence
was already found by the algorithm at the fist step of
our study. The other one was also included in the total

set of positive results at this step (figure), although the
situation is less clear in this case in view of the follow-
ing. Protein AAN56706 has a domain homologous to
a domain of 

 

E. coli

 

 transcriptional activator IlvY, and
the second site of the repeat found upstream of the
AAN56706 gene is adjacent to the putative promoter
(–10) box. On the other hand, the association of this
protein with proline biosynthesis is unclear. In the
other 

 

Shewanella

 

 species, homologs of the
AAN56706 gene lack a site corresponding to the con-
sensus in their leader regions (in 

 

S. baltica

 

 and

 

Shewanella

 

 sp. PV-4) or are immediately downstream
of other genes; i.e., a proper leader region is lacking
(in 

 

S. denitrificans

 

 and 

 

S. frigidimarina

 

).

When the consensus was truncated to the most
conserved sequence MTACCAAY and the same
leader regions were analyzed, sites close to the
sequence were found only upstream of 80 genes in

 

S. oneidensis.

 

 With the exception of the above two
cases, not a single site detected by this less stringent
search was repeated at least twice in a leader region
and, what is more important, was 10–20 bp upstream
of a sequence differing from TATAA in no more than
one position. Thus, a genome-wide search in

 

S. oneidensis

 

 did not reveal a new site similar to the
sites shown in the figure. The multiple sequence align-
ment (figure) and the results of the total search of one
of the 

 

Shewanella

 

 genomes suggest the significance of
the predicted sites.
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Multiple sequence alignment of the leader regions containing the putative binding site for a regulatory protein. Putative repressor-
binding sites and (–10) promoter boxes are in capitals. 

 

P, Pseudomonas; S, Shewanella.
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