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ABSTRACT. The availability of the complete genome of the Gram-
negative B-proteobacterium Chromobacterium violaceum has increas-
ingly impacted our understanding of this microorganism. This review
focuses on the genomic organization and structural analysis of the de-
duced proteins of the chemosensory adaptation system of C. violaceum.
C. violaceum has multiple homologues of most chemotaxis genes, orga-
nized mostly in clusters in the bacterial genome. We found at least 67
genes, distributed in 10 gene clusters, involved in the chemotaxis of C.
violaceum. A close examination of the chemoreceptors methyl-accept-
ing chemotaxis proteins (MCPs), and the deduced sequences of the mem-
bers of the two-component signaling system revealed canonical motifs,
described as essential for the function of the deduced proteins. The
chemoreceptors found in C. violaceum include the complete repertoire
of such genes described in bacteria, designated as tsr, tar, trg, and tap;
41 MCP loci were found in the C. violaceum genome. Also, the C.
violaceum genome includes a large repertoire of the proteins of the
chemosensory transducer system. Multiple homologues of bacterial che-
motaxis genes, including CheA, CheB, CheD, CheR, CheV, CheY, CheZ,
and CheW, were found in the C. violaceum genome.
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GENERAL CONSIDERATIONS

Bacteria have developed sophisticated signaling systems to allow adaptive responses to
the environment. In the chemotaxis network, the receptor and kinase functions are separated in
order to allow the cell to execute an integrated response to multiple stimuli (Tsang et al., 1973).
The chemosensory system is essential for temporal sensing and for the accumulation of bacte-
ria in environments that are optimal for growth. Chemotaxis begins with the binding of mol-
ecules to four kinds of receptors in the plasma membrane. The chemoreceptors are encoded by
the tsr, tar, trg and tap genes, also called genes coding for methyl-accepting chemotaxis proteins
(MCPs), which are reversibly methylated. These proteins are the sites of initial signal transduc-
tion, and they function as homodimers (Falke et al., 1997; Mowbay and Sandgreen, 1998). The
MCPs present a cytoplasmic domain that is highly conserved across species (Morgan et al.,
1993). MCPs also present conserved glutamate residues, which are methylated during adapta-
tion by a constitutively active methyltransferase named CheR (Stock et al., 1984) and removed
by the methylesterase, CheB (Yonekawa et al., 1983).

CHROMOBACTERIUM VIOLACEUM METHYL-ACCEPTING CHEMOTAXIS
PROTEIN GENES

Chromobacterium violaceum is a Gram-negative 3-proteobacterium, highly abundant
in the water of rivers in Brazil (Caldas, 1990). Recently, the complete genome of the bacteria
has been published by a Brazilian National Genome Project Consortium (Ribeiro de Vasconce-
los et al., 2003). Here, we briefly review the chemotaxis and flagella genes of C. violaceum,
and we describe the organization of the genes in this bacteria’s genome. Forty-one individual
open reading frames (ORFs) coding for receptor functions and 26 ORFs coding for proteins
that respond to environmental substrates were found in C. violaceum (Table 1). The number of
ORFs coding for chemosensing and chemotaxis (n = 67) appears to be high when compared to
other bacterial genomes. For example, the genome of Pseudomonas aeruginosa, which has a
complex chemosensory system, has 43 ORFs involved in environmental responses, represent-

Table 1. Candidate genes responsible for chemotaxis in Chromobacterium violaceum.

Candidate Gene name Number of genes

Chemoreceptors tsr
tar
trg
tap

—_—
W W

Component of the answer to environmental substrates CheA
CheB
CheD
CheR
CheV
CheY
CheZ
CheW

N = W W N WA »~ O
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ing 0.8% of the total genome (Stover et al., 2000).

The 41 MCP genes in C. violaceum are found in the four known classes (I, II, III and
IV), designated respectively as tsr, tar, trg and tap. Sequences encoding for 13 tsr, 15 tar, 9 trg,
and 4 tap were found in C. violaceum (Table 1). These numbers are in agreement with descrip-
tions in the literature. The abundance of the chemotaxis-specific receptors varies among spe-
cies; tsr and tar are more prevalent than tap and trg (Hazelbauer and Harayama, 1983). The 41
sequences encoding MCPs are considered to be a high number, when compared to many other
bacteria. For example, Caulobacter crescentus has 18 MCPs (Nierman et al., 2001) and
Halobacterium species NRC-1 has 17 (Ng et al., 2000). The number detected in C. violaceum
is similar to that known for Vibrio cholerae (Heidelberg et al., 2000), indicating that C. violaceum
has a great ability to respond to a wide variety of compounds. All the MCPs in C. violaceum
have at least one transmembrane domain, which enable the proteins to anchor to the membrane
and perform a receptor function (data not shown).

The MCPs, despite their diversity, have similar domain architectures, with conserved
domains (Galperin et al., 2001). The plasmid achromobacter secretion domain, commonly found
in the sensor module (Taylor and Zhulin, 1999) of the chemotaxis network, was found in four
MCPs of C. violaceum. In addition, the HAMP domain (histidine kinase adenylyl cyclase MCP
and phosphatase) that follows the second transmembrane segment, and is putatively related to
MCP dimerization (Aravind and Ponting, 1999), was detected in 26 of the 41 MCPs of C.
violaceum. Also, the Hpt motif (histidine-containing phosphotransfer), a phosphoacceptor do-
main, was found in one of the deduced MCPs of C. violaceum (Matsushika and Mizuno, 1998).

CHROMOBACTERIUM VIOLACEUM CHEMOSENSORY TRANSDUCER
PROTEINS

Chromobacterium violaceum appears to have a very complex chemosensory trans-
ducer protein system. Twenty-six ORFs involved in the chemotaxis transduction pathway were
found in this bacterium. Multiple copies of those genes were found: being four CheA, three
CheB, two CheD, three CheR, three CheV, five CheY, one CheZ, and five CheW (Table 1).
The number of related genes is identical, and the genes have similar sizes when compared, for
example, to the ubiquitous environmental bacterium P. aeruginosa in which 26 ORFs encoding
putative chemotaxis transducer proteins were identified (Stover et al., 2000). Those genes in C.
violaceum are present mostly in three clusters (Figure 1).

The adaptive response, referred to as a two-component regulatory system (Hock and
Silhavy, 1995), often involves at least two components of the signal transduction proteins (Parkinson
and Kafoid, 1992), consisting typically of the sensory kinase (CheA) and the response regulator
(CheY). Molecular communication between sensors and regulators involves phosphotransfer
reactions of the histidine-asparagine phosphorelay (Inouye, 1996). The chemotaxis sensor sys-
tem networks in C. violaceum have the sensor kinase CheA, and the two-response regulator
CheY, as well as additional loci: chew, cheb and chev.

The deduced CheA proteins of C. violaceum that could perform the transmitter func-
tion present an invariant histidine residue in the P1 domain, which could be autophosphorylated
in an ATP-dependent manner, as has been described in other bacteria (Stock et al., 1990; Porter
and Armitage, 2002). All the four deduced CheA proteins in C. violaceum also presented the
canonical regions of the P4 domain, N, G1, F and G2 (Figure 2). Homology search analysis
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Figure 1. Physical map of the chemotaxis genes in Chromobacterium violaceum. The numbers refer to the ORFs in the
C. violaceum genome (http://www.brgene.Incc.br).

revealed a high degree of conservation of CheA of C. violaceum and sequences described in
the database. For example, identity values ranging from 46 to 61% were found between the C.
violaceum CheA and the homologues in E. coli.

Changes in chemoreceptor occupancy modulate the kinase activity of CheA in bacte-
ria, which in turn controls the concentration of phosphorylated CheY and CheB. The return of
the cell to prestimulation behavior is performed by the methyltransferase CheR, an enzyme that
transfers methyl groups from S-adenosylmethionine to glutamate residues on the cytoplasmic
domains of the MCPs (Springer and Koshland Jr., 1977; Wu et al., 1996).

CheY is a small single-domain protein, a response regulator, which after phosphoryla-
tion binds to the FliM component of the flagellar motor switch, inducing clockwise motor rota-
tion (Welch et al., 1993). The deduced CheY of C. violaceum has five amino acid residues
(Figure 3) that are conserved among response regulators: D, at positions 12, 13 and 57; T at
position 87, and K at position 109, considering the E. coli homolog. The conserved aspartic
residue 57 could be the site of phosphorylation, as previously described (Silversmith et al., 2003).
Several copies of CheY also occur in other organisms, such as R. sphaeroides (Shah et al.,
2000) and Rhizobium mellioti (Greck et al., 1995).

CheB acts in conjunction with CheR, a methyltransferase, and both are involved in the
adaptation process. CheR is responsible for the reversible methylation of the MCPs and CheB
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Figure 2. Excerpt of alignment of the deduced CheA proteins of Chromobacterium violaceum and homologues in E. coli.
Arrow indicates the phosphorylation site at the P1 domain; N, F, Gl and G2 represent the conserved regions in the P4
domain. The accession number for E. coli CheA is NP_754195.

in the demethylation process. The CheB homologues present in C. violaceum have a canonical
amino-terminal domain, as well as five conserved residues also present in CheY. All of them
present the three conserved residues of the catalytic site Ser164, His190 and Asp286, and the
GXGXXG nucleotide-binding-fold consensus sequences from other CheB (data not shown;
West et al., 1995).

The function of CheW is not yet totally clear. This protein is essential for the formation
of the ternary complex, Che A-CheW-MCP. CheV is a composite protein that possesses the
amino-terminal sequence of CheW and the carboxy-terminal sequence of CheY. CheD has
been found in chemotaxis-like operons of a large number of bacteria and archaea, suggesting
that it plays an important role in chemotactic sensory transduction in many organisms. However,
the molecular function of CheD remains unknown. Kristich and Ordal (2002) demonstrated that

Genetics and Molecular Research 3 (1): 92-101 (2004) www.funpecrp.com.br



Chemotaxis and flagellar genes of Chromobacterium violaceum 97

00 ;

Cv3448 MSDKNMRFLVVDDFSTMRRIVRNLLKELGFTNVDEAEDGQVALHKLKTQSFDEVVSDWNM 60
Ecoli MADKELKFLWDDFSTMRRIVRNLLKELGFNNVEEAEDGVDALNKLOAGGYGEFVISDWNM €0
Cvz2512 MGKS---ILIVDDAASIRATVSIALKGAGY-DVIEACDGNDALSKLNGVRVNLVISDVNM 56
Cv1016 MGKT---ILIVDDSTTLRQVVRMT LAGAGY-EVLEAGNGKEALDILDGRKIHLIISDVNM 56
CV3443 MPKK---ILTVDDSASIROMVSFTLKSAGY-EVAEAVDGNAGLSKAQSMQFDLVLTDONM 56
CV2889 MALMN--VLIVDDSSTSRHHIRQVLEKLGFEHFCEAASSEAARIPYLEQEPFKLIITDYHM 58
* A * oo, YL, : R
CvV3448 PNMTGIELLKAVRADPQLKHLPFMMITAEAKRENTIIEAAMAGASGYIVKPFTAATMEERKM 120
Ecoli PNMDGLELLKTIRADGAMSALPVLMVTAEAKKENITAAAQAGASGYVVKPFTPATLEEKL 120
cvz2512 PGMDGITLLKRLKEGAATRFLPVIMLTTEGSDDKKMQGKEAGAKAWIVKPFDPALLDAY 116
Cv1016 POMDGLALLKNIKQLPHYKFTPVIMLTTESAEDKKREGKEAGAKAWVVKPFQPPVLLTAV 116
CVv3443 PGMDGLTLIRSLRKQPSYNSTPILMLTTESSDOMKALGRAAGASGWLVKPFDPQKLLDVV 116
Cv2889 PGMDGLDFARHVRSSGLQPDAPVLMITSDSDNINKDDLEDAGIAACCQKPFDMDKLRELI 118
k ok ke oror i ko oakakers, ko, e : i
Ccv3448 NKIFQNMNKPA 131
Ecoli NKIFEKLGM-- 129
Cv2512 SKLIQP-———-— 122
CvV1l0le SKLILP-—---- 122
Cv3443 KRLVG-————- 121

cv2889 RTLINEY---- 125

Figure 3. Alignment of the Chromobacterium violaceum deduced CheY and the homologue in E. coli. Single arrow
indicates the phosphorylation site; double arrows indicate the conserved residues of the response regulator.

CheD catalyzes amide hydrolysis of specific glutaminyl side chains of the B. subtilis chemore-
ceptor McpA. CheD mutant cells do not respond to most chemoattractants, suggesting that this
protein is required for B. subtilis chemoreceptors to effectively transduce signals to CheA
kinase.

CONCLUDING REMARKS

Flagella serve primarily as locomotory organelles in flagellated bacterial species. The
chemotactic response is accomplished by signal transmission between the receptor complexes
and the flagellar motor complexes. CheY, acting as a messenger protein, transduces the signal
from the MCPs to the flagella (Bren and Eisenbach, 2000). Bacteria efficiently respond to
changes in the chemical composition of their environment, and this behavior is achieved by
integrating the signals received from MCPs, modulating the direction of the flagellar rotation,
and hence the swimming direction (Falke et al., 1997).

There are around 67 predicted flagellar genes in C. violaceum; 62 were found in seven
clusters (Figure 4). The flagellar-motor supramolecular complex at the base of the flagellum
includes the proteins FliG, F, M, and N. MotA and MotB form a proton channel anchored to the
cell wall (Bren and Eisenbach, 2000). All these proteins were found in the C. violaceum ge-
nome. The regulation of expression of flagellar genes seems to have an intricate pattern in many
bacteria. The principal regulators are the FIhDC master operon genes, the anti-sigma factor
gene FlgM, and the 6% gene FliA (Helmann, 1991). On the basis of sequence comparisons, C.
violaceum lacks FIhDC, but has one copy of each the regulators, flgM and fliA, suggesting that
the expression of the flagellar genes is under the control of those proteins.

Genetics and Molecular Research 3 (1): 92-101 (2004) www.funpecrp.com.br



M. Pereira et al. 98

. Clusters
flgA flgM Hypothetical
protein
CV0999 CV1000 CV1001 1

- =) =)

MotA2 FliAl fleN flhF flhA flhB1 2
CV1021 CV1022 CV1023 CV1024 CV1025 CVI1026

- e m m @

flgA  flgB  flgC flgD2 flgE2 flgF2 flgG2 flgH2 flgl2  flgK2 figL2
CV1700 CV1701 CV1702 CV1703 CV1704 CV1705 CV1706 CV1707 CV1708 CV1709 CV1710 3

- ) ) e Em) ) ) ) Em) ) )

motAl motB2

CV2026 CVv2027 4

—

figLl flgKl  flgJ  flgll flgH1 flgGl flgF1 figEl flgD1 flgC1 figB
CV2878 CV2879 CV2880 (CV2881 (CV2882 (V2883 (V2884 (V2885 CV2886 (CV2887 CV2888 5

- m m m m m m e m e

6

Conserved  Conserved Conserved

1afU  1afT  fliA2 nypothetical hypothetical fliS2 fliD  hypotheicar fliI2  fLIH  fliG2  fliF2
CV2988 CV2989 CV2990 CV2991 CV2992 (CV2993 CV2994 CV2995 CV2996 CV2997 CV2998 CV2999

- m am m G mem @m @m e @m m

Probable flagellar Probable sensor

. Hypothetical ~ potor switch . . ) . Hypothetical response Conserved
fliE protein pl‘l)tevivlll fliP fliQ2 fliR2 flhB2 fhiA protein reglll’lator hypothetical flaD
CV3000 CV3001 CV3002 CV3003 CV3004 CV3005 CV3006 CV3007 CV3008 CV3009 CV3010 CV3011

- ) ) ) m) ) ) m) Gm Gm m
7

Probable two
Conserved Hypothetical component

fliR1 fliQ1 nypothetical fliP  fliO  fliN fliM fliL ““protein fliJ flill fliG1 fliF1 fliE response r
CV3124 CV3125  CV3126 CV3127 CV3128 CV3129 CV3130 CV3131 CV3132 CV3133 CV3134 CV3135 CV3136 CV3137 CV3138

- m mm mmen m mm m mem =

Figure 4. Physical map of the flagellar genes of Chromobacterium violaceum. The numbers refer to the ORFs in the
C. violaceum genome (http://www.brgene.Incc.br).
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The finding of 41 MCP genes in C. violaceum (encoding for 13 tsr, 15 tar, 9 trg, and 4
tap), added to the multiple copies of the chemotaxis genes (four CheA, three CheB, two CheD,
three CheR, three CheV, five CheY, five CheW, and one CheZ), lead us to suggest that the
chemotaxis signal transduction pathway is complex in this free-living microorganism. Investiga-
tions into the role of the multiple proteins in the behavior of C. violaceum should be useful to
provide insights regarding this bacterium’s adaptations to chemotactic stimuli.
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