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Abstract Small peptides synthesized by nonribosomal
peptide synthetases (NRPSs) genes are found in bacteria and
fungi. While some microbial taxa have few, others make a
large number and variety. However, biochemical characterization
of the products synthesized by NPRS demands a great deal of
efforts. Since the completion of genome projects of numerous
microorganisms, the numbers of available NRPSs genes are
being expanded. Prediction of the peptides encoded by NRPS
could save time and efforts. We chose the NRPS gene from
Bradyrhizobium japonicum as a model to predict the peptide
structure encoded by NRPS genes. Using computational
analyses, the domain structure of this gene was defined, and
the structure of a peptide synthesized by this NRPS was
deduced. It was found that it encoded a tripeptide consisting
of proline-serine-phenylalanine. This method would be helpful
to predict the structure of small peptides with various NPRS
genes from the genome sequence.
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Proteins are generally synthesized in a ribosome. However,
in some cases, protein synthesis occurs without ribosome,
which is known as nonribosomal peptide synthesis. In
bacteria and fungi, and even in plant, biologically active
peptides are synthesized by nonribosomal peptide synthetase
(NRPS), and they range from antibiotics (e.g., penicillin
and gramicidin) to toxins (HC-toxin and syringomycin)
that comprise one of the largest and most important groups
of microbial secondary metabolites [17]. The basic units
of NRPS are an adenylation (A) domain, a thiolation (T)
domain, and a condensation (C) domain [10]. The A
domain recognizes the amino acid substrate and adenylates
it at the carboxylic acid group. The T domain contains 4'-
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phosphopanthotheine (4'-PP), whose thiol group takes over
the amino acid through the formation of a thioester bond
after aminoacyl-adenylate formation by the A domain. The
C domain is located between A/T modules and catalyzes
peptide bond formation. Since the elucidation of the crystalline
structure of the Phe-specific A domain of gramicidin
synthetase (GraS) from Bacillus brevis [4], it has been well
established that the amino acids lining the substrate-
binding pocket mediate amino acid specificity. The eight
or nine amino acids occupying pockets in the substrate-
binding site was proposed as nonribosomal codes to predict
amino acid substrate specificity of A domains. Nonribosomal
codes sequence can be predicted by comparing 110 amino
acid sequence beginning just after conserved motif A3 and
ending just after conserved motif A5 [2, 10, 14].

As a result of genome projects on many microorganisms,
a great deal of information has been accumulated about
NRPS, and functional characterization of individual genes
from various organisms would be a task to be undertaken.
On the other hand, biochemical characterization of the
peptide synthesized by NRPS has a limitation, because
microorganisms sometimes produce those secondary
metabolites under a particular condition and of a minute
amount [17]. Before the genome sequencing project was
launched, gene cloning was a time-consuming task, especially
in the nonribosomal peptide synthetase genes which are
relatively large. Individual amino acid activation domains
were subcloned and expressed to know the amino acids
[7]. Now, however, anyone can find the nonribosmal
pepetide synthetase gene from the public database. With
the help and efforts of a few groups, it is now possible to
define the domains of NRPS, identify the residues that
interact with the specific amino acids to produce peptide,
and predict the possible structure before biochemical
characterization is undertaken. In this study, we chose
B. japonicum USDA 110, whose genome sequences were
completely elucidated, and NRPSs were selected and dissected
to define their possible peptide structure.
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Fig. 1. Domain organization of nonribosomal peptide synthetases from Bradyrhizobium japonicum.
A, Adenylation domain; T, Thiolation domain; C, Condensation domain; TE, Thioeasterase domain.

A search of B. japonicum USDA110 genome revealed two
NRPS genes that were named Bjl and Bj2. Bjl consisted
of 3,310 amino acids, and Bj2 had 2,154 amino acids.
BLAST result showed that Bjl had a similarity with Nep A
from Nostoc sp. ATCC 53789 [1]. NcpA and B encode
peptide synthetases that eventually mediate the synthesis
of the heptapeptide consisting of Tyr-Gly-Gln-Ile-Ser-
Pro-Leu/Phe. Bj2 had a homology with syringomycin
synthetase from Pseudomonas syringae pv. syringae [5].
The peptide module of syringomycin comprised Ser-D-Ser-
D-Dab-Dab-Arg-Phe-Dhb-(3-OH)Asp-(4-C1)Thr (Dab, 2,4-
diaminobutyric acid; D-Dab, D-isomer of Dab; Dhb, 2,3-
dehydroaminobutyric acid). Domain analysis showed that
Bjl contains three A domains, three T domains, two C
domains, and one TE domains, and that Bj2 contains two
As, three Ts, and two Cs (Fig. 1). The D-form of amino
acids and other unusual forms of amino acids are usually
found in peptides synthesized by NRPS [17]. Bj1 and Bj2
did not contain an epimerase domain that converts the L-
form of amino acid to D-form, indicating that peptides
from these NRPSs do not contain the D-form of amino
acid. However, we did not exclude the possibility that
epimerase might be located in an other part of the genome,
as found in fungi. The T domain has been well-defined in
bacterial NRPSs and contains the 4'-phosphopanthotheine
(4'-PP) group binding motif, DXFFXXLGG(H/D)S(L/) [12].
Among amino acids comprising this motif, the serine residue
is conserved, since the 4'-PP is directly bound to the serine
residue. Alignments of all five T domains from Bj1 and Bj2
showed that the 4'-PP binding motif was well-conserved in
addition to the conserved serine residue (Fig. 2). Also, the
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Fig. 2. Alignments of thiolation domain from Bj1 and Bj2.
Underlined is the conserved 4'-phosphopanthotheine binding motif.
Arrows indicate the conserved serine residue.

core condensation motif (HHXXXDG) [8] was found in all
the C domains.

To determine the amino acid that is recognized by each
A domain, each of the A domain sequences from Bj1 and
Bj2 was aligned with the phenylalanine activation domain
of GraS. Since the domain was divided into ten conserved
core motifs (from Al to A10; [10]), and it is known that
the amino acid substrate-binding pocket is located with an
about 110 amino acid sequence just after conserved motif
A3 [AY(V/I)(L/DFTSGSTGXPKG] and ending just after
conserved motif AS[N(G/A)Y/W)GP(T/A)E] [14, 16], this
segment was extracted from the whole A domain (Fig. 3).
Then, the eight amino acids that are known to form the
substrate pocket in Grs4 from B. brevis [3,14] were
located. Since the peptide has an N-terminal amino group
that is positively charged, it is generally known in bacterial
NRPS that N-terminal amino acid interacts with aspartic
acid to neutralize the positive charge. Thus, the first
position among eight amino acids is usually occupied by
aspartic acid. Analysis of five A domains showed that
three of them had an aspartic acid in the first position and
two of them had a different amino acid (Bj2-1 had valine
and Bj2-2 ala.). Thus, further analysis of Bj2 was ruled
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Fig. 3. Alignments of core motifs from A4 to AS.
Numbers indicate the amino acids positioning in the pocket. Grs4 is a
phenylalanine activation domain of gramicidin S synthetase.
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Table 1. Residues in the substrate-binding pocket of NRPS from B. japonicum and the predicted amino acid substrates.

Residue
A-domain @ 235 @ 236 ® 239 @ 278 ® 299 ® 301 @ 322 330 Substrate
Bj2-1 D \Y% Q F p L Q \Y Pro
Bj2-2 D \Y% W H T L L I Ser
Bj2-3 D A w T | A A \Y Phe

out. Comparison of eight amino acid nonribosomal codes
from three A domains from Bjl showed that Bjl-1 has
homology with the first A domain of peptide synthetase
ORF4 from B. subtilis [15], recognizing a proline; Bj1-2
with pyoverdin synthetase from Pesudomonas aeruginosa
[11], coding a serine; and Bj1-3 with gramicidin synthetase
[6,9] for phenylalanine. This result indicates that Bjl
predicts to produce a tripeptide of which the sequence
is proline-serine-phenylalanine. With this primary peptide
sequence, the structure of peptide was predicted. There is a
TE domain at the end of Bj1, which mediates the release of
a peptide from the enzyme. Therefore, the first possible
structure would be a linear proline-serine-phenylalanine
that is stabilized by the interresidue hydrogen bond (2.4 A)
between the carbonyl group of proline and the amino
group of phenylalanine and the intraresidue hydrogen bond
(1.9 A) between the carbonyl group of serine and the
hydroxyl group of serine side chain. However, the TE
domain is present in systems producing not only linear
peptide such as ACV but also branched via ester bond
(such as surfactin) or branched through amide bond as
found in bacitracin and cyclic peptides (such as gramicidin
S and tyrocidine) [10]. All the nonlinear forms seem to be
synthesized after the release of peptide. Thus, two cyclic

Fig. 4. Predicted peptide structure synthesized by Bjl.

forms could be imagined: The first one could be through
the formation of imine bond between the nitrogen group of
the proline and carboxy group of the serine. However, the
formation of imine bond is not feasible, since the nitrogen
in the proline is secondary. The other would be a dimer
that contains two units of Pro-Ser-Phe. This form is
unlikely since it has 75.6 kcal/mol higher energy due to
the steric hindrance of the side chain. Based on these
considerations, the predicted structure from this sequence
is as shown in Fig. 4, and its structure is stabilized by two
hydrogen bonds.

Elucidation of the peptide structure from NPRS genes
with computational analyses has been carried out on
coelichin from Streptomyces coelicolor [3], bleomycin
from S. verticillus ATCC 15003 [13], and nostocyclopeptide
from Nostoc sp. [1]. Coelichin was predicted to have an
internal cyclization to release the final peptide due to
the lack of TE domain. In the cases of bleomycin and
nostocyclopeptide, the predicted amino acid recognition
domains were experimentally confirmed. As shown in the
studies of bleomycin and nostocyclopeptide, the prediction
method could provide at least approximate information
about the backbone of the peptide synthesized by NRPSs.

By the time this manuscript was prepared, 158 bacterial
genome projects had been accomplished. Search of NRPS
genes with A domain showed the presence of at least
100 NPRS genes, and only a few of them have been
characterized. Prediction of substrates of each of the amino
acid activation domain would facilitate the biochemical
characterization of peptides encoding NPRS genes and
would be useful to engineer a natural peptide for the
development of new compounds.
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