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ABSTRACT. Tryptophan is an aromatic amino acid used for protein
synthesis and cellular growth. Chromobacterium violaceum ATCC 12472
uses two tryptophan molecules to synthesize violacein, a secondary me-
tabolite of pharmacological interest. The genome analysis of this bacteri-
um revealed that the genes t7pA-F and pabA-B encode the enzymes of the
tryptophan pathway in which the first reaction is the conversion of choris-
mate to anthranilate by anthranilate synthase (AS), an enzyme complex.
In the present study, the organization and structure of AS protein subunits
from C. violaceum were analyzed using bioinformatics tools available
on the Web. We showed by calculating molecular masses that AS in C.
violaceum is composed of o (TrpE) and B (PabA) subunits. This is in
agreement with values determined experimentally. Catalytic and regula-
tory sites of the AS subunits were identified. The TrpE and PabA subunits
contribute to the catalytic site while the TrpE subunit is involved in the
allosteric site. Protein models for the TrpE and PabA subunits were built
by restraint-based homology modeling using AS enzyme, chains A and B,
from Salmonella typhimurium (PDB ID 111Q).
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INTRODUCTION

Tryptophan is an aromatic amino acid naturally synthesized by some microorgan-
isms, and it is used for protein synthesis and cellular growth. In most bacteria, tryptophan
biosynthesis from chorismate involves five enzymatic reactions catalyzed by five enzymes
(Dosselaere and Vanderleyden, 2001; Xiu et al., 2002). Figure 1 shows a general scheme of
the tryptophan biosynthesis pathway. In prokaryotes, these proteins are encoded by seven
genes, namely t#7pA-G (Romero et al., 1995), and they are either expressed individually or as
fused units (Table 1). An individual gene may express two or more catalytic domains (Xie et
al., 2003). In some bacteria, genes that encode the enzymes for tryptophan biosynthesis are
grouped and form the #p operon.
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Figure 1. Typical tryptophan biosynthesis pathway in bacteria. AS = anthranilate synthase; PRT = anthranilate-
phosphoribosyl transferase; PRAI = phosphoribosyl-anthranilate isomerase; IGP = indole glycerol phosphate synthase;
TS = tryptophan synthase; PRA = 5-phosphoribosyl anthranilate; CDRP = 1-(o-carboxyphenylamino)-1-deoxyribulose-
S-phosphate; InGP = indole-3-glycerol phosphate; Gln = glutamine; Pyr = pyruvate; Glu = glutamate; PRPP =
5-phosphoribosyl-1-pyrophosphate; PPi = pyrophosphate; L-Ser = L-serine; G3P = glyceraldehyde 3-phosphate.

Table 1. Protein domains in tryptophan and folate biosynthesis genes of most bacteria.

Function Gene Protein domain encoded
Tryptophan biosynthesis trpE anthranilate synthase, aminase subunit (o)
trpG anthranilate synthase, amidotransferase subunit ()
trpD anthranilate-phosphoribosyl transferase
trpF phosphoribosyl-anthranilate isomerase
trpC indole glycerol phosphate synthase
trpA tryptophan synthase, o subunit
trpB tryptophan synthase, 3 subunit
rpD(G),
trpC(F), fusions of domains listed above
rpE(G),
trpC(D)
Folate biosynthesis pabB 4-amino-4-deoxychorismate synthase, aminase subunit (o)
pabA 4-aminobenzoate synthase, amidotransferase subunit (f3)
pabC 4-amino-4-deoxychorismate lyase (y) subunit

Chromobacterium violaceum (ATCC 12472) is a Gram-negative -proteobacterium,
commonly found in tropical and subtropical regions. Violacein, the characteristic pigment that
gives it its name, has been shown to act as an antibiotic and potential antitumor drug (Duran
and Menck, 2001; Andrighetti-Frohner et al., 2003; Antonio and Creczynski-Pasa, 2004). In
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C. violaceum, tryptophan is a precursor for the biosynthesis of violacein, a secondary metabo-
lite. In its genome, the genes trpA-F and pabA-B, which encode the tryptophan biosynthesis
pathway enzymes have been identified. The pabA-B genes also encode folate pathway en-
zymes. According to the current annotation, trpE, pabA and pabB gene products are anthra-
nilate synthase (AS) subunits, and ORF CV0568 is annotated as a probable AS (Brazilian
National Genome Project Consortium, 2003).

The first reaction in the tryptophan pathway is catalyzed by AS, which is responsible
for the anthranilate synthesis from chorismate and glutamine, a reaction that is feedback-
inhibited by tryptophan (Knochel et al., 1999). In most bacteria, AS is an oligomeric enzyme
composed of two different subunits - o and 3, which can form an o8 dimer or an o 3, tetramer.
The a subunit is encoded by the trpE gene, while the 3 subunit can be encoded by either #7pG,
trpD and/or pabA genes (Dosselaere and Vanderleyden, 2001).

In the present study, computational investigations were performed in order to analyze the
structure and organization of AS encoding genes in C. violaceum by the use of bioinformatics tools
available on the Web. Amino acid sequences of the TrpE, PabA, PabB, and ORF CV0568 proteins
were compared, and TrpE and PabA structures were built using homology molecular modeling.

MATERIAL AND METHODS

Tryptophan pathway biosynthesis genes of C. violaceum, Escherichia coli, Pseudomo-
nas aeruginosa, Pseudomonas putida, Bacillus subtilis, and Salmonella typhimurium were used
in this study. The sequences which encode the enzymes of tryptophan synthesis were analyzed
by bioinformatics tools available on the Web, including GenBank resources (www.ncbi.nih.gov),
Brazilian Virtual Genome Institute of Genomic Research (BRGene) (www.brgene.Incc.br), and the
Pathway-Genome Databases EcoCyc and CvioCyc, both available at http://biocyc.org. CvioCyc
was built from Pathway-Tools, a software suite developed by SRI International (Karp et al., 2002).
The amino acid sequences of microorganisms were submitted to the Clustal W program for mul-
tiple alignment (Thompson et al., 1994), using the bioinformatics interface Biological Sequence
Alignment Editor (BioEdit) (Tippmann, 2004) (www.mbio.ncsu.edu/BioEdit/BioEdit.html).

In order to model the proteins of interest, the corresponding amino acid sequences were
submitted to the Swiss-Model database (Guex and Peitsch, 1997) to obtain a model protein with
a high degree of similarity (>25%) deposited in the Protein Data Bank (PDB) (Berman et al.,
2000). The alignment of the target proteins against the template sequences was used as input to
the MoDELLER 8v2 program (Sali and Blundell, 1993), together with the atomic coordinates of
the latter. The file with the spatial coordinates of the best model generated by MODELLER was
visualized by SPDBViewer (Guex and Peitsch, 1997), as a protein three-dimensional model. Model
validation was done by VERIFY-3D, a structure evaluation server (Luthy et al., 1992) and Procheck
(Laskowski et al., 1993), a computational tool that analyzes the stereochemical quality of the pro-
tein through the linking lengths, torsional angles of the main chain, and Ramachandran diagrams.

RESULTS AND DISCUSSION

Four amino acid sequences have been annotated in the C. violaceum genome as be-
longing to the AS enzyme subunits: TrpE - AS (o subunit), PabA - AS (B subunit), PabB - AS,
and ORF CV0568 - a probable AS (Brazilian National Genome Project Consortium, 2003).
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The conserved sequences LLESX, S and NPSPYM in the TrpE subunit identify
the tryptophan binding site, which is associated with regulatory functions such as in-
hibiting the AS activity (Dosselaere and Vanderleyden, 2001). The comparison of these
conserved sequences with AS amino acid sequences of other bacteria demonstrated that
the TrpE is the only annotated sequence in AS subunits from C. violaceum that possesses
those consensuses (Figure 2). Therefore, based on the alignment described in Figure 2,
and due to the existence of the inhibitory tryptophan binding site, we suggest that TrpE is
a C. violaceum AS subunit.

TrpE Cv ... AQPYSYJLLESVVGGERHG RY[SIIG...RALRNINPSPYMFEFYHF.....
TrpE Pa ... ADAPNSY[LLESVQGGEK WGRYSTIG...RALRCENPTPYM)FENF......
TrpE Ec ... GDRPATHYLLESRDIDSK DDLKSLLL....YVLKKYNPSPYMFFMQD.........
TrpE Bs ... DREITY[LLESKDDTSTW SRY|SFIG.... RVLRIVNPSPYM) YMKL........

Figure 2. Alignment showing the inhibitory tryptophan binding site (LLESX S and NPSPYM conserved sequences).
Cv = Chromobacterium violaceum; Pa = Pseudomonas aeruginosa; Ec = Escherichia coli; Bs = Bacillus subtilis.

Wegman and Crawford (1968) have shown by experimental techniques that the
molecular mass of AS from C. violaceum must be between 84 to 95 kDa. Taking this
range into account, the AS structure should have a molecular mass close to the sum of the
molecular mass of TrpE and one of the other subunits. The molecular mass of each sub-
unit was estimated from the protein primary sequence, giving 54,022 Da for TrpE, 47,930
Da for CV0568, 21,048 Da for PabA, and 47,877 Da for PabB. Hence, the AS subunits
should be TrpE and PabA, since the sum of their molecular masses (75,070 Da) is close
to the experimental values found for the AS protein complex. To confirm this hypothesis,
the AS catalytic domains were compared with AS domains from other bacteria.

In the TrpE subunit from S. typhimurium, a histidine residue that is essential for
catalytic activity was found at position 398 (Tso and Zalkin, 1981). The TrpE alignment
from P. aeruginosa, B. subtilis and S. typhimurium with TrpE from C. violaceum dem-
onstrated that there is a histidine residue at position 367 (Figure 3). The same alignment
was carried out with ORF CV0568. Figure 4 shows His in this protein at position 333.
A query with the CV0568 sequence to the Pfam database (www.sanger.ac.uk/Software/
Pfam) showed that the protein encoded by this ORF belongs to the chorismate binding
family. Therefore, TrpE and CV0568 belong to an enzyme family that has chorismate as
a common substrate.

TrpE Cv 324 DPKEIAEHVMLMDLGRNDVGRVADIGTVKITDNMAIERYSHVMHIVSNVEGQVDRKISNIDVIKATFPAGTL
TrpE Pa 329 DAKEIAEHLMLIDLGRNDVGRVSDIGAVKVTEKMVIERYSNVMHIVSNVTGQLREGLSAMDALRAILPAGTL
TrpE Bs 337 DEKEKAEHYMLVDLARNDIGRVAEYGSVSVPEFTKIVSFSHVMHIISVVTGRLKKGVHPVDALMSAFPAGTL
TrpE St 355 DHKELSEHLMLVDLARNDLARICTPGSRYVADLTKVDRYSYVMH[LVSRVVGELRHDLDALHAYRACMNMGTL
Consensus 38 D KE EH ML DL RND R ( S VMHl S V G GTL

Figure 3. Alignment showing the conserved histidine at position 367 in the TrpE from Chromobacterium violaceum.
Cv = C. violaceum; Pa = Pseudomonas aeruginosa; Bs = Bacillus subtilis; St = Salmonella typhimurium.
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CV0568 Cv 293 DKD---RFELEECVRADMQAKEASCEDIRVDIEREVERFANVHH[[SASVSARLKPGKTLADAICDHLWPATV
TrpE Pa 330 AKEIAEHLMLIDLGRNDVG-RVSDIGAVKVTEKMVIERYSNVMH[IVSNVTGQLREGLSAMDALRAILPAGTL
TrpE Bs 338 EKEKAEHYMLVDLARNDIG-RVAEYGSVSVPEFTKIVSFSHVMH[IISVVTGRLKKGVHPVDALMSAFPAGTL
TrpE St 356 HKELSEHLMLVDLARNDLA-RICTPGSRYVADLTKVDRYSYVMH[LVSRVVGELRHDLDALHAYRACMNMGTL
Consensus 25 K L R D Y vV |H v L A T

Figure 4. Alignment showing the conserved histidine at position 333 in ORF CV0568 from Chromobacterium
violaceum. Cv = C. violaceum; Pa = Pseudomonas aeruginosa; Bs = Bacillus subtilis; St = Salmonella typhimurium.

The AS B subunit belongs to the glutamine amidotransferase family (GATases), where
three amino acids are highly conserved - cysteine (C), histidine (H) and glutamate (E) - form-
ing a catalytic triad (Massiere and Badet-Denisot, 1998). In P. putida, a cysteine residue was
identified at position 79 (Cys79), while in E. coli the histidine residue was found at position
170 (His170). The alignment of E. coli (TrpD), P. putida (TrpG), B. subtilis (PabA), and
PabA from C. violaceum revealed the existence of the conserved residues Cys79, His168 and
Glul70 (Figure 5). Thus, the PabA subunit also belongs to the GATase family. Those three
residues were not found to be conserved next to the corresponding positions in ORF CV0568
(data not shown). Therefore, we conclude that: a) AS from C. violaceum is probably composed
of'an a subunit (TrpE) and a 3 subunit (PabA); b) the TrpE and PabA subunits bear a catalytic
function, and c) the TrpE subunit has an allosteric site (tryptophan binding site).

PabA Cv 1 —-MLLVIDNYDSFTYNLVQYFGELGQDVKVFRN---DEITLQQIEELKPQYLVVSPGPCTPNEAGVSVPAILHFAGKLPIM HQGI
PabA Bs 1 --MILMIDNYDSFTYNLVQYLGELGEELVVKRN---DSITIDEIEELSPDFLMISPGPCSPDEAGISLEATIKHFAGKIPIF HQSI
TrpD Ec 1 MADILLLDNI YNLADQLRSNGHNVVIYRNHIPAQTLIERLATMSNPVLMLSPGPGVPSEAGCMPELLTRLRGKLPIIGI] HQAT
TrpG Pp 1 —--MLLMIDNY YNVVQYLGELGAEVKVIRN---DEMTIAQIEALNPERIVVSPGPCTPSEAGVSIEAILHFAGKLPIL HQST
Consensus 1 L DN DSFTYN RN SPGP P EA K PI HQ I
PabA Cv 86 QAFGGKVVHAKQLMHGKVSPVSHLDKGMFRGLPNPVTCTRYHS —--EIMGVRHKTLPIEGVQ

PabA Bs 86 AQVFGGDVVRAERLMHGKTSDIEHDGKTIFEGLKNPLVAT! —--EIMAIRHNDLPIEGVQFHHE|
TrpD Ec 91 VEAYGGYVGQAGEILHGKASSIEHDGQAMFAGLTNPLPVA —--MVMAVRHDADRVCGFQ

TrpG Pp 86 QAFGGDVVRARQVMHGKTSPVYHRDLGVFASLNNPLTVTRYHSLVVKRETLPDCLEVTAWT SHADGSVDEIMGLRHKTLNIEGVQFHHES
Consensus 31 vV A HGK S H F L NP RYHSL P A M RH OF|H

Figure 5. Alignment showing conserved cysteine (C), histidine (H) and glutamate (E) residues in PabA, TrpD
and TrpG sequences. Cv = Chromobacterium violaceum; Bs = Bacillus subtilis; Ec = Escherichia coli; Pp =
Pseudomonas putida.

To obtain a three-dimensional model of AS subunits from C. violaceum, TrpE and
PabA protein sequences were submitted to the Swiss-Model database to search for a protein
template with high similarity in the PDB. The AS template from S. typhimurium (Morollo and
Eck, 2001) (PDB ID 111Q), chains A and B, revealed 39 and 41% identity when compared to
TrpE and PabA from C. violaceum, respectively.

ClustalW aligned sequences were submitted to MoDELLER, and the results were visu-
alized by using the SPDBViewer software. Figure 6 shows protein template 111QA and the
modeled protein for the TrpE subunit. The generated model and template were superposed
using SPDBViewer, and the amino acid residue histidine, conserved at position His398 for S.
typhimurium and His367 for C. violaceum was found in both proteins at the same spatial posi-
tion (See Figure 6). The conserved sequences LLESX S and NPSPYM were found in TrpE
from C. violaceum at positions Leu45-Leud6-Glud7-Serd8-X  -Ser59 and Asn265-Pro266-
Ser267-Pro268-Tyr269-Met270, confirming the existence of the tryptophan binding site (data
not shown).
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Figure 6. A. Structure of the template - TrpE protein (111QA) from Salmonella typhimurium determined by X-ray
crystallography (Morollo and Eck, 2001). B. Homology model of TrpE subunit from Chromobacterium violaceum.
Position of histidine in both proteins is shown inside the circles.

The TrpG protein (111QB) from S. fyphimurium was used as template for modeling
the C. violaceum PabA subunit. Figure 7 shows the template and modeled proteins. Amino
acid residues found in S. typhimurium TrpG protein at positions Cys83, His169 and Glul71
were found in C. violaceum PabA subunit at positions Cys79, His168 and Glu170. These resi-
dues correlate perfectly upon superposition, and they form the catalytic site where the conver-
sion of chorismate to anthranilate occurs (See Figure 7).

Figure 7. A. Structure of the template - TrpG protein (111QB) from Salmonella typhimurium determined by X-ray
crystallography (Morollo and Eck, 2001). B. Homology model of PabA subunit from Chromobacterium violaceum.
Positions of cysteine, histidine and glutamate in both proteins are shown inside the ovals.
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The AS TrpE and PabA model structure from C. violaceum was validated by VERIFY-
3D (Figure 8). The compatibility scores above zero in the VERIFY-3D graph correspond to
acceptable side chain environments. We can see that most of the 3D-1D average scores are
above zero, computational evidence that the C. violaceum TrpE and PabA subunits built from
homology modeling are acceptable.
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Figure 8. 3D-1D average score profiles used to verify results of anthranilate synthase subunit models from
Chromobacterium violaceum. Residues with positive compatibility scores are reasonably folded. A. TrpE. B. PabA.

The subunit models for TrpE and PabA were also validated using Ramachandran dia-
grams. A high-quality modeled protein should have more than 90% of its residues located in
the most favorable region (Ramachandran et al., 1963). For the TrpE subunit, 98.5% of amino
acid residues are in favorable energetic regions, while for PabA they represent 96.8% of the
residues. Figure 9 presents a Ramachandran plot for AS enzyme, TrpE and PabA subunits, for
C. violaceum.

A Ramachandran plot B Ramachandran plot
PabA

Psi (degrees)
Psi (degrees)

HIS 88 i
)
b | ALAT0 a
-1354 ‘ - A HISOS
‘ 0

Phi (degrees) ‘ Phi (degrees)

Figure 9. Ramachandran diagrams for anthranilate synthase subunits TrpE (A) and PabA (B). Amino acids (98.5
and 96.8%) are in favorable regions for TrpE and PabA proteins from Chromobacterium violaceum, respectively.
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CONCLUDING REMARKS

The study of the tryptophan biosynthesis pathway in C. violaceum is important since
tryptophan is the main precursor of violacein, the characteristic pigment of this bacterium,
which possesses potential antibiotic, antitumor and antiparasitic applications.

Using computational tools, the analysis of TrpE, PabA, PabB, and ORF CV0568
protein sequences revealed that the AS from C. violaceum is composed of an o subunit
encoded by the #rpE gene and a B subunit encoded by the pabA gene. The sum of the
molecular mass for those subunits is close to the experimental values, as determined by
Wegman and Crawford (1968). TrpE and PabA subunits bear catalytic sites and the TrpE
subunit contains the allosteric site. pabB gene and ORF CV0568, currently annotated
as being an AS subunit and a probable AS, respectively, are probably not AS enzyme
subunits. Instead, our results suggest that ORF CV0568 is a chorismate binding enzyme
family member.

The TrpE and PabA subunits from C. violaceum obtained by homology modeling
using AS (TrpE and TrpG subunits) as templates from S. typhimurium showed high stereo-
chemical quality. Most of the amino acid residues of AS from C. violaceum (98.5% for TrpE
and 96.8% for PabA) are in favorable regions. Catalytic and allosteric sites were found in
the modeled structures, suggesting that the AS enzyme from C. violaceum is probably com-
posed of two subunits, TrpE and PabA.
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