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Abstract The organization of all genes required for the
anaerobic conversion of toluene to benzoyl-CoA was in-
vestigated in denitrifying Azoarcus-like strain EbN1. All
of these genes are clustered within 25.3 kb of contiguous
DNA sequence, which includes only a few intervening se-
quences. The toluene-catabolic genes are organized in two
apparent operons. One contains the genes (bssCAB) for
the three subunits of benzylsuccinate synthase, which ini-
tiates anaerobic toluene degradation by converting tolu-
ene to (R)-benzylsuccinate. The BssCAB proteins of strain
EbN1 are most similar to those of Thauera aromatica
strain K172. The bssCAB genes are part of a larger puta-
tive operon (bssDCABEFGH), which contains the gene
bssD, encoding the activase for benzylsuccinate synthase,
and four genes (bssEFGH) encoding proteins of unknown
function. RT-PCR experiments showing continuation of
transcription over the three largest intergenic regions of
the bss operon support the assumed structure. Moreover,
BssG was identified as toluene-induced protein. Down-
stream of the bss genes, another large putative operon
(bbsA—H) was identified that contains all genes required
for B-oxidation of benzylsuccinate to benzoyl-CoA, e.g.
bbsEF, encoding succinyl-CoA:(R)-benzylsuccinate CoA-
transferase. Immediately upstream of the bss operon, genes
for a two-component regulatory system were identified;
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their products may sense toluene and induce the expres-
sion of both catabolic operons. The order and sequences
of the bss and bbs genes are highly similar among tolu-
ene-degrading denitrifiers. The bss and bbs genes of the
Fe-reducing Geobacter metallireducens display less se-
quence similarity and are organized differently. The genes
between the bss and bbs operons and in the flanking re-
gions differ between strain EbN1 and the other strains.

Keywords Toluene - Denitrifying bacterium - Anaerobic
degradation - Gene prediction - Gene annotation -
Genomics - Proteomics

Introduction

Oxygen-independent degradation pathways of hydrocar-
bons have been demonstrated as novel metabolic capaci-
ties in bacteria during the last decade (for overview see
Heider et al. 1999; Spormann and Widdel 2000; Widdel
and Rabus 2001; Widdel et al. 2003). While aerobic bac-
teria initialize the degradation of hydrocarbons exclu-
sively by O,-dependent mono- or dioxygenase reactions,
anaerobic bacteria must employ fundamentally different
activation mechanisms. The best understood and appar-
ently most widespread of these anaerobic mechanisms is
the radical-catalyzed addition of hydrocarbons to fumarate,
yielding substituted succinate derivatives. This reaction
has been recognized for the activation of several alkyl-
substituted benzenes as well as for n-alkanes (for overview,
see Heider et al. 1999; Spormann and Widdel 2000; Wid-
del and Rabus 2001; Widdel et al. 2003).

Our understanding of fumarate-dependent hydrocar-
bon activation and the consecutive degradation pathways
is most advanced in the case of toluene (Fig. 1). Forma-
tion of (R)-benzylsuccinate from toluene and fumarate is
catalyzed by the glycyl-radical enzyme benzylsuccinate
synthase, a heterohexameric enzyme of o,p,Yy, composi-
tion whose subunits are encoded by the bssCAB genes
(Beller and Spormann 1998; Coschigano et al. 1998; Leuth-
ner et al. 1998; Achong et al. 2001; Kane et al. 2002). The
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Fig.1 Proposed reaction sequence for the anaerobic degradation
of toluene in denitrifying strain EbN1 to the level of benzoyl-CoA
(modified from Boll et al. 2002; Leuthner and Heider 2000). The
fumarate cosubstrate of benzylsuccinate synthase is recycled dur-
ing activation of benzylsuccinate and subsequent -oxidation to
benzoyl-CoA. The latter is further oxidized via ring cleavage to
carbon dioxide (not shown). Reducing equivalents (/H]) are used
for the reduction of nitrate to dinitrogen. Enzyme names of shown
(bold) gene products are as follows: BssABC, benzylsuccinate
synthase; BbsEF, succinyl-CoA:(R)-benzylsuccinate CoA-trans-
ferase; BbsG, (R)-benzylsuccinyl-CoA dehydrogenase; BbsH,
phenylitaconyl-CoA hydratase; BbsCD, 2-[hydroxy(phenyl)meth-
yl]-succinyl-CoA dehydrogenase; BbsAB, benzoylsuccinyl-CoA
thiolase. For coding genes of these enzymes, see Fig.2

glycyl radical present in activated benzylsuccinate syn-
thase (Krieger et al. 2001; Duboc-Toia et al. 2003) is gen-
erated by an S-adenosylmethionine (SAM)-dependent ac-
tivating enzyme, as known for pyruvate formate-lyase and
anaerobic ribonucleotide reductase (for overview, see
Sawers and Watson 1998). The gene for the putative acti-
vating enzyme, bssD, is encoded immediately upstream of
the bssCAB genes. Expression of the bss genes is proba-
bly controlled by a two-component regulatory system and
the respective genes (tdiSR) are mostly located in close
proximity to the bss operon (Coschigano and Young 1997;
Leuthner and Heider 1998; Achong et al. 2001). It should
be noted that, although the genes involved in anaerobic
toluene degradation in Thauera aromatica strain T1 were
originally designated tutEFDGH (Coschigano 2000), we
will use the bss nomenclature to avoid confusion. Further
degradation of (R)-benzylsuccinate to benzoyl-CoA in
Thauera aromatica strain K172 follows a modified B-ox-
idation pathway (Leuthner and Heider 2000; Leutwein
and Heider 2001, 2002), which is initiated by activation of
(R)-benzylsuccinate to the CoA-thioester. Benzylsuccinyl-
CoA is oxidized to benzoylsuccinyl-CoA and cleaved to
benzoyl-CoA and succinyl-CoA. The latter is used for the
activation of benzylsuccinate in a CoA-transfer reaction,
thus releasing succinate for the regeneration of fumarate via
succinate dehydrogenase. All enzymes required for B-ox-
idation of benzylsuccinate are encoded in the bbs operon.
The sizes and genetic compositions of the regions be-
tween the bss and bbs operons are currently unknown.
Further degradation of benzoyl-CoA proceeds via reduc-
tive dearomatization, hydrolytic ring cleavage, B-oxida-
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tion to acetyl-CoA units, and terminal oxidation to CO,
(Harwood et al. 1999; Boll et al. 2002).

Among the known bacteria that degrade toluene anaer-
obically, Azoarcus-like strain EbN1 is unique in utilizing
ethylbenzene as an alternative hydrocarbon substrate (Rabus
and Widdel 1995). Despite chemical and structural simi-
larities between the two hydrocarbons, their anaerobic
degradation pathways differ completely. Whereas toluene
catabolism follows the common route (Fig. 1), ethylben-
zene is anaerobically hydroxylated and dehydrogenated to
acetophenone, which is then carboxylated and converted
to benzoyl-CoA as the first common intermediate of the
two pathways (Rabus and Heider 1998; Kniemeyer and
Heider 2001). Since both pathways are regulated indepen-
dently (Rabus and Heider 1998; Champion et al. 1999),
strain EbN1 is a useful study organism to gain insights
into the largely unexplored principles of specific substrate
sensing and gene activation in anaerobic hydrocarbon me-
tabolism. The genes for the ethylbenzene degradation path-
way, including those for putative regulators, have recently
been identified on a 56-kb contig from strain EbN1 (Rabus
et al. 2002a). Here, we describe the organization of the
genes needed for anaerobic toluene catabolism, which
were identified on a different contig from this bacterium.

Materials and methods

Bacterial strain, growth conditions,
and isolation of genomic DNA

The denitrifying bacterium Azoarcus-like strain EbN1 (B-Proteo-
bacteria) was isolated from anoxic freshwater mud sampled in Bre-
men, Germany (Rabus and Widdel 1995). Strain EbN1 was culti-
vated and cells were harvested as previously described (Rabus and
Widdel 1995). The procedure for isolation of genomic DNA was
modified (Rabus et al. 2002a) from methods reported by others
(Ausubel et al. 1992; Zhou et al. 1996).

Construction of shotgun libraries, DNA sequencing,
and sequence assembly

Two shotgun libraries with average insert sizes of 1.5 and 3.5kb
were generated for DNA sequencing. The obtained sequences
were assembled. Regions of weak quality within the analyzed con-
tig were improved by resequencing and primer walking. Final se-
quence quality was based on three independent reads and sequenc-
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ing of both strands. This procedure was recently described in more
detail (Rabus et al. 2002a). The nucleotide sequence has been de-
posited at EMBL under the accession number BX682953.

Gene prediction, functional assignment, and data management

The program ORPHEUS (Frishman et al. 1998) was used for gene
prediction. The program was adjusted, falsely predicted ORFs were
removed, and ORFs refined as previously described (Rabus et al.
2002a).

Similarity searches were carried out by the BLAST programs
(Altschul et al. 1997) and screening of the amino acid sequences of
the predicted ORFs against the non-redundant protein database and
the translated nucleotide database sequences. The predicted ORFs
were functionally assigned with the INTERPRO system (Apweiler
et al. 2001) and screening against the Clusters of Orthologous
Groups of proteins (COGs; Tatusov et al. 2001). To evaluate the
reliability of gene annotation (i.e. functional assignment), an addi-
tive scoring tool was used. More details about this procedure are
given in Rabus et al. (2002a). Results of the automated ORF pre-
diction and functional assignment were manually controlled for the
entire contig (36.3kb). Multiple alignments were generated with
Clustal W (Thompson et al. 1994), and used to determine identities
of amino acids with GAP (Wisconsin Package Version 10.2, Ge-
netics Computer Group (GCG), Madison, Wis., USA).

The methods used for functional assignment (BLAST, INTER-
PRO and the additive scoring tool) are all implemented in the an-
notation platform HTGA (High Throughput Genome Annotation;
Rabus et al. 2002a). More details about the design of the HTGA
system are provided on the Web page http://www.micro-ge-
nomes.mpg.de/ebnl/.

The genomic sequence of Geobacter metallireducens is cur-
rently being determined by the DOE Joint Genome Institute
(http://www.jgi.doe.gov). DNA sequence data from the draft ver-
sion (November 7, 2002) are accessible at NCBI under accession
number NZ_AAAS01000001 (http://www.ncbi.nlm.nih.gov/cgi-
bin/Entrez/genom_table.cgi). A sequence region of about 60 kb of
the G. metallireducens genome was used to compare bss and bbs
genes among different toluene-degrading bacteria.

RT-PCR experiments

Total RNA was prepared from toluene-grown cells of strain EbN1
by the hot-phenol method as described by Aiba et al. (1981). The
dried RNA was dissolved in water, and potential contaminating
DNA was removed by treating the samples with RNase-free
DNase (Promega, Mannheim, Germany) according to the manu-
facturer’s instructions. The quality of RNA preparations was con-
trolled using the Agilent 2100 Bioanalyzer (Agilent Technologies,
Waldbronn, Germany), and cDNA was synthesized with gene-spe-
cific reverse primers by H Minus M-MuLV reverse transcriptase
(MBI Fermentas, St. Leon Roth, Germany) according to the man-
ufacturer’s protocol. PCR was carried out on a 50-pl scale under
standard conditions with REDTaq Polymerase (Sigma-Aldrich,
Munich, Germany) and the synthesized cDNAs as templates (2 ul
individual reverse transcription products). To prove the absence of
DNA in the RNA preparations, controls (¢cDNA synthesis) were
carried out in the absence of reverse transcriptase. To cover the in-
tergenic region between bssA and bssB, reverse primer bssBrev
(TTACACGTGGTCGCGGAA) and forward primer bssAfor (GA-
CCTGATCGTGCGGGTATC) were used (expected product of
470bp). Likewise, primers bssErev (GGCTCAGGGTCTCGGT-
ATTCA) and bssBfor (GGATACCCATCATGAGCGCA) were
used for the intergenic region between bssB and bssE (expected
product of 435bp), and primers bssFrev (GATGATGTCGCCG-
GTGTTG) and bssEfor (ACGTCGGTCTCGGCAAGAT) for that
between bssE and bssF (expected product of 285 bp). The sizes of
the obtained RT-PCR products were analyzed by agarose gel elec-
trophoresis.

Two-dimensional gel electrophoresis and analysis
by mass spectrometry

Differential analysis of protein patterns by two-dimensional gel
electrophoresis was based on cells of strain EbN1 anaerobically
grown on toluene or benzoate. Samples were prepared and sepa-
rated by two-dimensional gel electrophoresis as recently described
(Rabus et al. 2002b; Gade et al. 2003). Gels were loaded with 50
and 500 ug protein, respectively, and stained with silver and col-
loidal Coomassie brilliant blue, respectively.

Toluene-specific protein spots were selected and excised man-
ually using a cutting tool with a 1.5-mm needle. Proteolytic digests
were carried out on a PROTEINEER dp digest and sample prepa-
ration robot (Bruker Daltonik, Bremen) using a commercial diges-
tion kit (DP 96 Kit; Bruker) containing all necessary buffers,
porcine trypsin as proteolytic enzyme, and a-cyano-4-hydroxycin-
namic acid as MALDI matrix. The PROTEINEER dp run con-
sisted of several washing steps, incubation for 4 h with trypsin, ex-
traction, and thin-layer sample preparation on an AnchorChip600
MALDI target (Bruker).

MS fingerprint and MS/MS fragment spectra were acquired
with an ultraflex TOF/TOF instrument (Bruker), equipped with a
gridless reflectron, Lift cell, and Scout MTP ion source in positive
ionization mode. In a single automated run, MS spectra were ac-
quired and, based on the resulting peak lists, up to ten precursor
ions were selected and submitted to Lift MS/MS without manual
interference. The combined information of the fingerprint and
fragment spectra was submitted to a protein database search (Mas-
cot search engine; Matrix Science, London) carried out against a
database containing the genetic information described in this
study. The MS-tolerance was set to 30 ppm for external calibration.

Results and discussion

The present study describes a shotgun DNA sequencing
approach to identify genes of strain EbN1 (related to Azo-
arcus, B-Proteobacteria) that are involved in the anaerobic
conversion of toluene to benzoyl-CoA. The general path-
way of anaerobic toluene catabolism is depicted in Fig. 1.
DNA fragments from shotgun sequencing were screened
for genes related to toluene metabolism by similarity of
the gene products to known protein sequences of 7. aro-
matica strains K172 (Leuthner et al. 1998; Leuthner and
Heider 2000) and T1 (Coschigano et al. 1998), and Azoar-
cus sp. strain T (Achong et al. 2001). By this approach, a
36,333-bp contig was assembled from a total of 831 se-
quence reads. Based on the criteria described in the Mate-
rials and methods section and in a recent study (Rabus et
al. 2002a), 35 ORFs were finally predicted on the contig
(Fig.2). INTERPRO/COG references, BLASTP hits, and
assigned functions for each ORF are listed in Table 1.
Bioinformatical annotation of gene function was comple-
mented by a combined physiological/RT-PCR/proteomic
approach. Identified genes correlated to anaerobic toluene
degradation are indicated at each reaction step of the
pathway shown in Fig. 1.

Genes of the benzylsuccinate synthase operon
bssDCABEFGH

Benzylsuccinate synthase was previously purified from
T. aromatica strain K172 and demonstrated to catalyze the
formation of (R)-benzylsuccinate from toluene and fu-
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Fig.2 Scale model of gene organization in the investigated contig
from denitrifying strain EbN1. Putative functions of the depicted
ORFs are listed in Table 1. Color coding: blue genes related to
anaerobic oxidation of toluene to benzoyl-CoA (hues indicate ini-
tial reaction and B-oxidation-like reaction sequence as explained in
the text); orange regulatory proteins, gray ORFs with assigned pu-
tative functions; white hypothetical proteins. The scale indicates
nucleotide position on the DNA fragment

marate (Leuthner et al. 1998). Three genes, bssA, bssB
and bssC, were identified that apparently code for the
o~ (BssA), B- (BssB) and y-subunits (BssC) of the hetero-
hexameric enzyme. Identification was based on similarity
to translated gene sequences from 7. aromatica strains
K172 (Leuthner et al. 1998) and T1 (Coschigano et al.
1998), and Azoarcus sp. strain T (Achong et al. 2001). Ac-
tive benzylsuccinate synthase of strain EbN1 is assumed to
carry a radical on Gly-825 of the o-subunit (BssA). The
Gly-825 probably functions in storing the radical and in
generating a transient catalytically active thiyl residue on
Cys-489. As the first step in catalysis, the thiyl radical
may then abstract a hydrogen atom from the methyl group
of toluene (Heider et al. 1999; Himo 2002). A similar rad-
ical-based mechanism has previously been demonstrated
for pyruvate formate-lyase (Becker et al. 1999) and anaer-
obic ribonucleotide reductase (Eklund and Fontecave
1999). Amino acid sequences of the subunits of all cur-
rently known benzylsuccinate synthases display a high
degree of similarity. The bss gene products of Azoarcus-
like strain EbN1 are most similar to those of T. aromatica
strain K172 (>94% identity), and slightly less similar to
those of Azoarcus strain T, T. aromatica strain T1, and
Thauera sp. strain DNT-1 (around 80% identity). The se-
quences from the latter three denitrifying strains are again
>95% identical to each other, whereas the bss gene prod-
ucts of the phylogenetically more remote G. metallire-
ducens are only 71-73% identical to those of any of the
denitrifying strains (Fig. 3).

Directly upstream of bssC, bssD, coding for an activat-
ing enzyme required for glycyl radical generation, was
detected as part of the bss operon. As shown for bssD
from T. aromatica strain K172 and Azoarcus sp. strain T,

the start codon of bssD appears to be GTG, rather than an
in-frame ATG located 34 codons further upstream. This is
evident from the lack of similarity of the translated se-
quence between the ATG and GTG codons to those of
other activating enzymes and from the location of the pre-
dicted promoter (see below). The BssD protein sequence
from Azoarcus-like strain EbN1 is again most similar to
the ortholog from 7. aromatica strain K172 (79% identity)
and less similar to those of Azoarcus sp. strain T, T. aro-
matica strain T1, Thauera sp. DNT-1, and G.metallire-
ducens (50—63% identity). All BssD proteins contain
three conserved Cys motifs in the N-terminal part of the
proteins. The first motif (position 29-36 in strain EbN1)
has a C-x3-C-x,-C structure characteristic of the emerging
class of SAM-dependent radical generators (Sofia et al.
2001), whereas the other two (positions 55-65 and 89-99
in strain EbN1) correspond to the consensus sequences
(C-x,-C-x,-C-x53-C) of typical [FegSg] ferredoxins. Sequence
similarity with the pyruvate formate-lyase (PFL)-activat-
ing enzyme from Escherichia coli suggests that BssD is
involved in introducing the glycyl radical into BssA. The
C-x5-C-x,-C motif of PFL-activase was demonstrated to
coordinate an atypical [Fe,S,] cluster that is required for
the activity of the enzyme (Kiilzer et al. 1998) and for di-
rect binding and reduction of SAM to methionine and an
adenosyl radical (Walsby et al. 2002).

Downstream of the bssDCAB genes, at least four fur-
ther genes of a putative continued operon are located, which
we designate bssEFGH. The derived bssE product con-
tains a Walker-type ATP/GTP binding-site motif and is
similar to an emerging class of chaperone-like ATPases
required for assembly, operation, and disassembly of pro-
tein complexes (Neuwald et al. 1999). Moreover, orthologs
of bssE were independently shown to be part of the bss
operons of three other bacterial strains (Coschigano 2000;
Achong et al. 2001; Hermuth et al. 2002). bssF was pre-
dicted to be part of the operon, because genes coding for
highly similar proteins are found directly downstream of
bssE in all known and sufficiently far sequenced bss oper-
ons (intergenic distances ranging from O to 47 bases). The
derived gene products do not show similarity to other
known proteins, precluding any prediction of possible



186
Table 1 Annotated ORFs of studied contig from denitrifying strain EbN1

Open Length INTERPRO/COG BLASTP hit used for annotation® Putative function
reading (amino  references®
frame acids) Gene Organism® E-value  Accession no.!
c2A172 402° IPR002155/COG0183 paaJ Ecoli le-102 P77525 B-Ketoadipyl CoA thiolase
c2A173 506 IPR0O06108, paaH?2 Ralso le-128 CADI15715 3-Hydroxyacyl-CoA
IPR0O06176/COG1250 dehydrogenase
c2A174 256° IPRO01753 orf2 Thaar le-84 CAC28159 Enoyl-CoA hydratase
c2A175 285 IPR005471/COG1414 pal630 Pseae le-67 AAGO05019 Transcriptional regulator
c2A178 550 COG0644 etf Ralso 0 CAD15269 Electron-transfer
flavoprotein:ubiquinone
oxidoreductase
c2A179 204¢ IPR0O01451/COG0663 paaY Azoev 3e-65 AAG28963 Bacterial transferase
c2A300 218 IPR0O00792, IPRO01789  tdiR Azosp 3e-99 AAKS50368 Two-component response
regulator; tdiR (tcr3)
c2A301 544° IPR000014, IPR004358  tdiS Azosp 0 AAKS50369 Two-component sensor;
tdiS (tcs3)
c2A302 331° IPR001450, bssD Thaar le-143 CAA05050 Benzylsuccinate synthase
IPR001989/COG1180 activating enzyme; bssD
c2A303 57 - bssC Thaar 3e-18 CAAO05051 y-Subunit of benzylsucci-
nate synthase; bssC
c2A304 861 IPR004184/COG1882 bssA Thaar 0 CAA05052 a-Subunit of benzylsucci-
nate synthase; bssA
c2A305 74 - bssB Thaar 2e-30 CAA05053 B-Subunit of benzylsucci-
nate synthase; bssB
c2A306 287 IPR001687/COG0714 bssE Thaar le-151 CAD12889 Chaperone; bssE
c2A307 568 - - - - - Hypothetical protein; bssF
c2A197 190 - fn0848 Fusnu 2e-9 AAL95044 Hypothetical protein;
“bssG*
c2A195 426° IPR0O05828, ber 2 Pasmu 2e-35 AAKO03617 Possible transporter;
IPR0O07114/COG0477 “bssH*
¢2B001 194 - - - - - Hypothetical protein
c2A200 307 - fn0847 Fusnu 2e-58 AAL95043 TPR-repeat-containing
protein
c2A203 315 COG0451 fni299 Fusnu le-19 AAL95495 Sugar dehydratase
c2A204 520° IPR0O00515, IPR005847  ra0050 Sinme le-38 AAK64708 Hypothetical protein
c2A308 454 IPR003812/COG3177 toul Neime 4e-19 AAF06681 Hypothetical protein
c2A309 256 IPR001753/COG1024 bbsH Thaar le-131 AAF89843 Putative E-phenylitaconyl-
CoA hydratase; bbsH
c2A310 406 IPR006090, bbsG Thaar 0 AAF89842 Benzylsuccinyl-CoA
IPR006091/COG1960 dehydrogenase; bbsG
C2B002 94 - - - - - Hypothetical protein;
“bbsJ*
c2A311 409 IPR003673/COG1804 bbsF Thaar 0 AAF89841 Subunit of Benzylsuccinate
CoA-transferase; bbsF
c2A312 410 IPR003673/COG1804 bbsE Thaar 0 AAF89840 Subunit of Benzylsuccinate
CoA-transferase; bbsE
c2A313 248 IPR002198/COG1208 bbsD Thaar le-126 AAF89839 Subunit of 2-[hy-
droxy(phenyl)methyl]-
succinyl-CoA DH; bbsD
c2A314 250 IPR002198/COG1208 bbsC Thaar 4e-82 AAF89838 Subunit of 2-[hy-
droxy(phenyl)methyl]-
succinyl-CoA DH; bbsC
c2A315 389 IPR002155/COG0183 bbsB Thaar 0 AAF89837 Subunit of benzylsuccinyl-
CoA thiolase; bbsB
c2A316 148 IPR002878/COG1545 bbsA Thaar 9e-65 AAF89836 Subunit of benzylsuccinyl-
CoA thiolase; bbsA
c2A224 86 - - - - - Hypothetical protein
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Open Length INTERPRO/COG BLASTP hit used for annotation® Putative function

reading (amino  references®

frame acids) Gene Organism® E-value  Accession no.’

c2A225 519¢ IPRO01584, istA Psefl e-148 CAAS5959 Putative transposase for
IPR0O07102/COG4584 insertion sequence; istA

c2A227 244 IPRO01687 istB Pseal 6e-70 P95446 Putative transposase

subunit; istB
c2A229 70° - - - - - Hypothetical protein
c2A230 125 - yajo Rhisp Se-6 P55515 Hypothetical protein

aReferences relate to INTERPRO (http://www.ebi.ac.uk/interpro/;
Apweiler et al. 2001) and COG databases (http://www.ncbi.nlm.
nih.gov/COGY/; Tatusov et al. 2001)

"Hits were obtained from BLASTP comparison of predicted pro-
teins from strain EbN1 with SWISS-PROT and TrEMBL-data-
bases (Bairoch and Apweiler 2000)

cAbbreviations of names of organism are according to the list of
organism identification codes (SWISS-PROT). Azoev, Azoarcus
evansii; Azosp, Azoarcus sp. strain T; Ecoli, Escherichia coli;

5 %

I—T. aromatica K172
l—.-l‘:mn'l us-like sp. EbNI1

.—E T, aromatica T'1
Thauera sp. DNTI

Azaarcus-like sp. T

. metallireducens

Fig.3 Phylogenetic tree of BssA subunits of benzylsuccinate syn-
thases from different strains of bacteria. Sequences were retrieved
from the databases and trimmed to the first aligned amino acid.
Accession numbers: AY032676, Azoarcus-like strain T; AJ001848,
Thauera aromatica strain K172; AF113168, T. aromatica strain
T1; AB066263, Thauera sp. strain DNT-1; NZ_AAAS01000001,
Geobacter metallireducens

function. An extended transcript of the bss operon con-
taining bssE and bssF was recently shown for Azoarcus
sp. strain T, and the same study revealed an additional
RNA 5’-end in front of bssF. To date, it is unknown
whether this 5’-end reflects transcription initiation within
the coding sequence of bssE or RNase processing of the
extended bss transcript (Achong et al. 2001). The next
gene encoded in the DNA sequence, bssG, is very closely
spaced to bssF with an intergenic region of only nine
bases. A gene coding for an orthologous protein is also pre-
sent immediately downstream of bssF in T. aromatica
strain K172, but not in the operon of the more distantly re-
lated Fe'-reducing G. metallireducens. The bss operons
of other denitrifying toluene degraders are not sequenced
sufficiently far to detect possible orthologs. Finally, a fur-
ther gene, bssH, is located immediately downstream of
bssG. Although no bssH orthologs are known from other
strains due to insufficient sequence information, the ob-
served one-base-overlap of the GTG start codon of bssH
with the TGA stop codon of bssG strongly suggests the
presence of a common transcript. The bssH gene product
displays sequence similarity to members of the major fa-
cilitator superfamily (MFS) and the Bcr/CflA subfamily

Fusnu, Fusobacterium nucleatum; Neime, Neisseria meningitidis;
Pasmu, Pasteurella multocida; Pseae, Pseudomonas aeruginosa,
Pseal, Pseudomonas alcaligenes; Psefl, Pseudomonas fluorescens;
Ralso, Ralstonia solanacearum; Rhisp, Rhizobium sp. strain NGR234;
Sinme, Sinorhizobium meliloti; Thaar, Thauera aromatica
dAccession numbers allow retrieval of sequences from NCBI data-
base (http://www.ncbi.nlm.nih.gov/Entrez/index.html)

¢ORFs were manually shortened to improve alignments and to
avoid overlaps with upstream genes

of drug resistance transporters. Some members of these
transporter families are involved in uptake/efflux of aro-
matic compounds (Saier 2000). Because a hydrophobic com-
pound like toluene is expected to diffuse freely across the
cytoplasmic membrane, one may speculate that BssH
functions in export of toxic levels of toluene from the cy-
tosol rather than in toluene uptake. An alternative function
in specific transport of benzylsuccinate appears unlikely,
since strain EbN1 does not grow with benzylsuccinate.

In strain EbN1, the largest intergenic regions of the pu-
tative bssDCABEFGH operon are between bssA and bssB
(97bp), between bssB and bssE (119bp), and between
bssE and bssF (44 bp). These intergenic regions may be
considered long enough to cause rho-dependent transcrip-
tional termination, and the first two even contain putative
RNA secondary structures resembling rho-independent ter-
mination signals (Fig.4B). Therefore, we tested for con-
tinuation of transcription over these intergenic gaps by
RT-PCR. Using primer pairs covering the intergenic re-
gions, RT-PCR products of the expected sizes were ob-
tained from total RNA of toluene-grown cells of strain
EbN1, which were absent when the reverse transcriptase
reaction was omitted (Fig.4A). The last two genes of the
predicted operon (bssGH) are so closely spaced to their
preceding genes (intergenic distances 9 and 0 bases) that
termination of transcription downstream of bssF or bssG
is not plausible. In support of the suggested operon orga-
nization, the BssG protein in toluene-grown cells was
specifically detected by two-dimensional gel electropho-
resis (data not shown) and identified unambiguously by
mass spectrometry of tryptic peptides (Fig. 5). The assumed
ATG codon of bssG is the only reasonable start codon pre-
ceding the coding sequence of the first identified peptide
(starting at amino acid 22). In contrast to this ATG start
codon, two alternative GTG codons (codon positions 9
and 20) are not associated with possible ribosome binding
sites.

At present it cannot be determined whether the bss
operon continues beyond bssH. One of two possible trans-
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Fig.4A,B Transcription of intergenic regions in the bss operon.
A RT-PCR analysis. Lane I Size-marker, lane 2 RT-PCR reaction
product of the intergenic region between bssA and bssB (expected
product of 470bp), lane 4 RT-PCR reaction product of the inter-
genic region between bssB and bssE (expected product of 435 bp),
lane 6 RT-PCR reaction product of the intergenic region between
bssE and bssF (expected product of 285 bp). Lanes 3, 5, 7 Corre-
sponding controls in which reverse transcriptase was absent from
the reaction mixtures. B Predicted RNA secondary structures in
the intergenic regions. Analogous, but not identical RNA struc-
tures are also present in the corresponding intergenic regions from
T. aromatica strain K172 (Hermuth et al. 2002). N changed base,
4 deleted base, N inserted base

lational start codons of the gene following bssH (c2B001;
see Fig. 2 and Table 1) overlaps with the bssH stop codon,
indicating transcriptional read-through (if used). The other
one is located 336 bases downstream, allowing for enough
space for transcription termination of the bss operon and
expression of the downstream genes as an independent
operon. In any case, the three genes (c2A200, c2A203 and
c2A204; see Fig.2 and Table 1) following ¢2B001 are ex-
pected to be part of the same transcription unit, based on
the short intergenic regions between the genes (0-22
bases). Thus, the bss operon of strain EbN1 is predicted to
consist of eight genes and might even contain up to 12 genes
(corresponding to 8.7 or 12.8 kb).

Operon encoding enzymes
for B-oxidation of benzylsuccinate: bbsA-H

Further degradation of (R)-benzylsuccinate proceeds via
B-oxidation to benzoyl-CoA and succinyl-CoA (see Fig. 1).
To date, this reaction sequence has only been studied
with T. aromatica strain K172. Based on N-terminal se-

quences of toluene-induced, electrophoretically separated
proteins, nine genes (bbsA—I) were identified that form
the bbs operon in this strain (Leuthner and Heider 2000).
The bbsEF genes code for the two subunits of succinyl-
CoA:(R)-benzylsuccinate CoA-transferase, bbsG for the
subunit of 2-(R)-benzylsuccinyl-CoA dehydrogenase, as
shown with the purified and characterized enzymes
(Leutwein and Heider 2001, 2002). The next three en-
zymes of the pathway are encoded by bbsH (phenyl-
itaconyl-CoA hydratase), bbsCD (two subunits of an al-
cohol dehydrogenase), and bbsAB (two subunits of a
thiolase), respectively (C. Feil, K. Hermuth and J. Heider,
unpublished data).

Using the bbs gene sequences from 7. aromatica strain
K172, orthologs (2cA309-316) of all bbs genes (except
for bbsl, the only gene unaccounted for in the operon of
T. aromatica strain K172) were also identified in Azoar-
cus-like strain EbN1. Therefore, the functions of all eight
conserved bbs genes of strain EbN1 can be annotated. The
bbs gene products of both strains displayed high sequence
similarity (shared identical residues ranging from 82.7 to
95.0%), and strong similarity is also retained on the DNA
level (89.1% identity for the overall operon). The bbs
operons of Azoarcus-like strain EbN1 and T. aromatica
strain K172 mainly differ in the length of the intergenic
region between bbsF and bbsG. Closer inspection of this
gap revealed the presence of another putative gene in the
bbs operon of strain EbN1 (termed bbsJ) which is lacking
in strain K172. bbsJ codes for a protein of 9.8 kDa that
contains a C-x-x-C and a C-R-C motif, but does not show
apparent similarity to entries in the current databases.
Still, it must be regarded as an expressed gene of the operon,
based on its good ribosome binding sequence and its short
intergenic distances to the preceding and the following
genes. Most interestingly, DNA alignment of the bbs oper-
ons from strains EbN1 and K172 shows that there is rec-
ognizable nucleotide similarity between the rather large
bbsFG intergenic gap of strain K172 and the last quarter
of bbsJ from strain EbN1. One possible interpretation of
this finding would be that the bbs operon of T. aromatica
strain K172 has evolved from a bbsJ-containing operon
by deletion of most of that gene and some subsequent de-
terioration of the remaining “scar” sequence. Genes cod-
ing for bbsA-H orthologs were also detected in the current
draft version of the G. metallireducens genome. However,
the degree of similarity between corresponding bbs genes
of G. metallireducens and T. aromatica strain K172 was
lower (derived amino acid sequence identities ranging
from 39.1 to 75.5%). Moreover, three additional genes are
inserted into the bbs operon of G. metallireducens. Two of
these clearly code for the subunits of an electron-transfer-
ring flavoprotein (ETF), which is expected to serve as
physiological electron acceptor for benzylsuccinyl-CoA
dehydrogenase (Leutwein and Heider 2002); the third
codes for a protein similar to a domain of heterodisulfide
reductases, thiol:fumarate oxidoreductases or succinate
dehydrogenases and may therefore also be involved in
electron transfer from benzylsuccinyl-CoA to the respira-
tory chain. The organization of the bbs operon in Azo-
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Fig. 5SA—C Identification of
the bssG gene product by mass
spectrometry. Tryptic peptides
of the protein separated by 2D-
electrophoresis were analyzed
by MALDI MS and MS/MS
(ultraflex TOF/TOF). The bssG
gene product was identified
unambiguously. A MALDI
MS-spectrum. MS-peaks are
assigned with the BssG se-
quence position (fop) and the
peptide mass (bottom). B BssG
sequence map. Bars Peptides
confirmed by mass spectrome-
try; positions in the BssG se-
quence are indicated. The se-
quence coverage is 65%.

C MALDI MS/MS spectrum
of peptide TVQLYYENVAR
(position 142-152). MS/MS-
peaks are assigned with the
ion-type (top) and the peptide
mass (bottom). Cleavage oc-
curs most frequently at the
peptide bond resulting in
b-ions (fragments starting
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arcus-like strain EbN1, T. aromatica strain K172, and
G. metallireducens is shown in Fig. 6.

Conserved promoter structures
of the bss and bbs operons

The 5’-flanking DNA sequences of the bss and bbs oper-
ons of strain EbN1 were analyzed for similarity to the
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characterized promoter regions of the orthologous oper-
ons from T. aromatica strain K172 (Leuthner and Heider
2000; Hermuth et al. 2002) and Azoarcus sp. strain T
(Achong et al. 2001), as well as to the upstream sequences
of other sequenced bss operons. As shown in Fig.7, sev-
eral conserved sequence motifs can be identified upstream
of the bss and bbs operons of strain EbN1 and all other
known bss and bbs operons from denitrifying bacteria. Two
of these motifs are similar to typical —10 and —35 boxes of
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Azoarcuslike strain EbN1

bbsA bbsB  bbsC bbsD  bbsE bbsF  bbsJ bbsG  bbsH
T. aromatica strain K172
bbsA bbsE  bbsC bbsD  bbsE bbsF bbsG bbsH bbsl
G. metallireducens
bbsE bbsF bbsG bbsH elfA  eliB orf bbsA bbsB bbsC bbsD

Fig.6 Organization of bbs genes in different toluene-degrading
bacteria

E. coli and are underlined in Fig.7. The spacing of these
two sequence motifs varies by one to two bases in the dif-
ferent operons, but would be consistent with RNA poly-
merase binding in all cases. Further conserved motifs of
all sequences are located in the regions between bases —40
to =50 and around base —65, relative to the mapped (or
presumed) transcriptional starts. The strong conservation
of these sites and their location just upstream of the RNA
polymerase binding site identifies these motifs as prime
candidates for binding of regulatory protein(s) that may
be involved in induction of gene expression in response to
anaerobiosis and/or toluene availability. It should be noted
that the putative promoter region suggested for T. aromat-
ica strain T1 in Fig.7 differs from a previously mapped
promoter 305 bases upstream of the assumed GTG start
codon of the corresponding bssD ortholog (“rutE™;
Coschigano 2000). The transcriptional start point of bssD
proposed in Fig. 7 would not have been detected under the
experimental conditions employed. The occurrence of in-
ternal 5’-ends of RNA species in the bss operon, as de-
tected upstream of bssC in T. aromatica strains K172 and
T1 (Hermuth et al. 2002; Coschigano 2000) and upstream
of bssF in Azoarcus sp. strain T (Achong et al. 2001), can-

Fig.7 Promoter consensus of bss and bbs operons from denitrify-
ing bacteria. Bacterial strains depicted are Azoarcus-like strains
EbN1 and T, as well as Thauera strains K172, T1 and DNT-1.
Mapped transcription starts are labeled in bold, the distances to the
respective translation start codons are indicated by numbers. Se-
quences similar to known Escherichia coli —10 and —35 boxes are
underlined. Conserved sequences that may either be involved in
regulator or RNA polymerase binding are indicated by shading

not be predicted for strain EbN1 because the respective
DNA sites are not sufficiently conserved.

Regulatory proteins for the bss and bbs operons

Directly upstream of the bss operon of Azoarcus-like strain
EbN1, two adjacent genes, tdiR and tdiS, code for a two-
component regulatory system. The gene organization and
the corresponding gene products most closely resemble
the TdiSR system of Azoarcus sp. strain T (Achong et al.
2001; 79 and 81% identity). The next similar proteins in
the database are orthologous two-component systems from
T. aromatica strain K172 and T1 (Leuthner and Heider
1998; Coschigano and Young 1997; 68 and 69% identity).
The sensor component consists of two sensory PAS do-
mains and a histidine kinase domain, each occupying about
a third of the protein (Leuthner and Heider 1998). PAS
domains are implicated in monitoring light, redox, or hy-
drocarbon stimuli in diverse sensory proteins (Taylor and
Zhulin 1999) and are obviously well suited to serve the
regulatory requirements in the present case. The regulator
consists of domains for a response regulator and a helix-
turn-helix motif (Leuthner and Heider 1998). All known
TdiSR-like systems are encoded in direct proximity of the
respective bss/tut genes and are suggested to be involved
in transcriptional control of the toluene catabolic genes.
Thus, it appears likely that the TdiSR system also regu-
lates transcription of the bss and bbs operons in Azoarcus-
like strain EbN1. The involvement of two-component reg-
ulatory systems in transcriptional control of (aerobic) tol-
uene metabolism was first demonstrated for the TodST-
system of Pseudomonas putida F1 (Lau et al. 1997). The
sensor and regulator components of the predicted anaero-
bic regulatory systems even show significant similarity with
their aerobic counterparts (Leuthner and Heider 1998).
Recently, we reported the presence of another TdiSR-like
two-component regulatory system in strain EbN1, whose
genes are in close proximity to those coding for ethylben-
zene dehydrogenase (Rabus et al. 2002a). The compo-
nents of this putative ethylbenzene-responsive regulatory
system are 35—40% identical to those of the known TdiSR
systems and share the same domain organization. Remark-
ably, the first (PAS) and the last (His kinase) domains of
the putative ethylbenzene sensor are much more similar
(41-43% identity) to those of the known toluene sensors
than the second (PAS) domain (16% identity). Thus, strain
EbN1 possesses two TdiSR-like two-component regula-

bssoperons

EbN1 CGCCATTAAGGGCAATCCCTCCTCTCC TTARGTGTTCGCACCAATTGGTCGCAC . CGAGAGCCGATG CT TARATACACCACATCGAC- 79-GTG
T CCGCACTAGGGACAACCCCTCTTT . GC TTAAGTGTTCGCACC AATTGGTCACGTTCGGCGAATGGTG CT TARATICAATTCA . CGGG- 93 -GTG
K172 ATACCCTAGGGACCGCCCCCTAT. . GGTTAGETGTTCACACCAATTGCT . GCACGATCCTG . CACGG CCTAATTIRGTCCCATGGGC - 73-GTG
DNT-1 AARAGCAAGGGACATECACCACCCT . GA . TGGETGTTCGCACCGATTG ARGTTGCCATCGAGGCAGATGC CTAATGGARTCTCGCGAG -139-GTG
T1 ATACATGAGGGAAATCACCACACC.GACT . GETGATCGCACT TATTGACGCCGCCAGCAGGGCGGARGT TCAATGAACCCTTACRAG-139-GTG

bbs operons

EbBN1

TGCCCGTCEEGEETTGCCCCCTAGC . GTTTAGGTGTTCGCACCAATTG TTGCCGTG . TAGGCCGGCGCGT TCTAATGAACTCACGTCG - 29-ATG

K172

Consensus gGG ceCC

CCGGGCTGTEGGETTGECCCTTAGC . GCCTAGGTGTTCGGACCGATTGTTG . CGTT . CCGGCCTGCGGGATTTAATGGCCCCAGGTCG - 28-ATG

ta GTGLTCgCACc ATTG t a



tory systems, which may be able to discriminate (possibly
via the second PAS domain) between toluene and ethyl-
benzene, thereby allowing a finely tuned, substrate-depen-
dent regulation of the respective degradation pathways.

Other genes

The genes c2A174, c2A173 and c2A172 probably encode
enzymes involved in B-oxidation. The ORF ¢2A174 codes
for an enoyl-CoA hydratase-type enzyme of unknown
function, and c2A773 for an alcohol dehydrogenase that
is apparently a fusion protein of two subdomains, each
similar to “short chain” alcohol dehydrogenases (Jornvall
et al. 1995). Similar fusions are known in other operons
containing genes for B-oxidation enzymes, e.g. in the
operons for aerobic phenylacetate catabolism (Luengo et
al. 2001; Mohamed et al. 2002). Finally, c2A172 codes for
a standard thiolase of unknown function. The divergently
transcribed gene c2A175 apparently codes for a transcrip-
tional regulator, which may be involved in regulation
of the B-oxidation-related genes. It belongs to the IcIR
family of bacterial regulatory proteins INTERPRO entry
IPR0O05471). Members of this family have been implicated
in regulation of organic acids catabolism: acetate utiliza-
tion via the glyoxylate bypass in E. coli (Sunnarborg et al.
1990) or protocatechuate degradation in Acinetobacter sp.
strain ADP1 (Popp et al. 2002).

The distance to the next gene (c2A178) is long enough
(93 bases) to expect an independent promoter for it. The
gene product of this gene is clearly an electron transfer-
ring flavoprotein ETF: ubiquinone oxidoreductase, which
is required for channeling the redox equivalents derived
from acyl-CoA dehydrogenase reactions (as reduced ETF)
into the respiratory chain. The gene is located within 20 kb
of the next gene coding for an ETF-reducing enzyme,
namely benzylsuccinyl-CoA dehydrogenase (“BbsG”). The
gene product of c2A779 is similar to the caiE and paaY
gene products whose genes are correlated to the operons
involved in carnitine metabolism and aerobic phenylac-
etate catabolism, respectively.

Insertion sequence: ISE/

Upstream of the bbs operon an insertion element (ISE/)
was detected that contains the genes istA and istB, whose
products are highly similar to known transposases/cointe-
grases and correlated helper proteins, respectively. Se-
quence similarities of istA with IS1162 of Pseudomonas
fluorescens (Solinas et al. 1995) and istB with 1S1474 of
P. alcaligenes (Yeo and Poh 1997) indicate affiliation to
the IS21 family. The coding region (istAB) is flanked by
13-base imperfectly (underlined) matching inverted repeats
(32914-TGCGGATTCCGAC/GTCGGAATGCGCA-35670).
They are highly similar to conserved terminal parts of in-
verted repeats in other members of the IS21 family (http://
www-is.biotoul.fr/), such as IS408 (TGCG T/G ATT C/T C)
and IS1162 (TGCG T/G ATTTTC). The occurrence of a con-
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served mismatch in the fifth position from the start/end of
the terminal region of the inverted repeat is striking. The
short inverted repeats in isE/ are possibly the result of a
deletion. Introduction of a single gap in the right inverted
repeat allows the inverted repeats to be enlarged (TGCG-
GATTCCGACCCAACGTGACCGC/GCGGTCACGTT.
CGTCGGAATGCGCA) to 26 bases. These longer inverted
repeats possibly represent the original sequence also con-
taining a conserved region (AACGTGA) of the inverted
repeats of IS408 (http://www-is.biotoul.fr/). The inverted
repeats are directly flanked by 7 bases of direct repeats
(GGCTGTG), which probably originated from duplica-
tion of the target site. Such an insertion element appears to
be absent in either flanking region of the bbs operons in
G. metallireducens or T. aromatica strain K172.

Genetic organization

The order of the first six genes of the bss operon
(bssDCABEF) is identical in all currently known exam-
ples (except for T. aromatica strain T1, where only par-
tial sequence information on bssF is available). The five
operons from denitrifying strains can be arranged into two
subgroups differing in the length of the intergenic distance
between bssB and bssE. In the operons of Azoarcus-like
strain EbN1 and T. aromatica strain K172, these genes are
separated by a transcribed intergenic region of 122 bases
which may contain a stable RNA structure (Hermuth et al.
2002). This distance is much shorter in the operons from
Azoarcus sp. strain T, T. aromatica strain T1, and Thauera
sp. strain DNT-1 (47 bases). The different operon organi-
zations are correlated with the respective benzylsuccinate
synthases belonging to different similarity subgroups (see
preceding section on the bss operon), and therefore allow
for a facile PCR-based discrimination of the type of bss
operon in denitrifying toluene-degrading strains (S. Zorn,
K. Verfiirth, J. Heider, unpublished). In the bss operon of
the phylogenetically remote G. metallireducens, bssG and
bssH are lacking, as well as the following genes found in
strain EbN1.

The gene organization of the bbs operons in strains
EbN1 and K172 differ in the presence of bbsJ between
bbsF and bbsG in strain EbN1 and the presence of bbsl
gene as the last gene of the operon of strain K172. The
function of the bbsl and bbsJ gene products in B-oxidation
of benzylsuccinate is not known; the two proteins share
no similarity. Interestingly, the preliminary sequence of
the bbs operon of G. metallireducens only codes for or-
thologs of BbsA—H, but does not contain genes for a BbsI-
or BbsJ-like protein. Moreover, this operon starts with the
bbsEFGH genes, followed by three inserted genes (see
above section on bbs operon) not present in the other bbs
operons, and ends with the bbsABCD genes. The different
bbs operon organizations of Azoarcus-like strain EbN1,
T. aromatica strain K172, and G. metallireducens are shown
in Fig. 6.

In strain EbN1, five genes coding for proteins of un-
known function are predicted to be located between the
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predicted bssDCABEFGH and bbsABCDJEFGH operons.
Four of these genes may be cotranscribed with the bss
operon, but their relevance for anaerobic toluene catabo-
lism is unknown. In G. metallireducens, the intercalating
sequence between the bss and bbs operons is about 4.4 kb
and codes for six predicted genes. The ORF following
bssF in G. metallireducens codes for a TodX-like protein,
which is part of the toluene catabolic operon and impli-
cated in toluene transport in Pseudomonas sp. (Wang et
al. 1995). Even though this TodX-like protein does not
display pronounced similarity with BssH from Azoarcus-
like strain EbN1, the presence of genes coding for poten-
tial toluene transporters in (or next to) the bss operons in
both organisms is remarkable. The other five genes of
G. metallireducens are apparently not involved in toluene
degradation and are disparate from the corresponding genes
in strain EbN1. Moreover, the known flanking genes of
the bbs operons (both flanks) and the bss/tdiSR operons
(only 5’-flank) of T. aromatica strain K172 also differ
from those of strain EbN1 and G. metallireducens. There-
fore, the operons involved in anaerobic toluene metabo-
lism seem to be embedded in quite different genomic con-
texts in varying bacterial species.

Similar to the genes involved in anaerobic toluene
metabolism, those of anaerobic ethylbenzene metabolism
of strain EbN1 are organized in two apparent operons,
(ebdABCDped and apcl-5bal; Rabus et al. 2002a). The in-
tercalating sequence (about 16 kb) between these operons
contains genes coding for two different two-component reg-
ulatory systems, which are probably involved in sequen-
tial regulation of the upper (ebdABCDped) and lower part
(apcl-5bal) of the degradation pathway. Strain EbN1
grows with either ethylbenzene or acetophenone, which is in
accordance with a sequential regulation of these two oper-
ons (Rabus et al. 2002a). In contrast, strain EbN1 grows
with toluene, but not with benzylsuccinate, which may at
least partially be explained by a strictly coordinated regu-
lation of the bss and bbs operons (mediated by the tdiSR
gene products and toluene as inducer).

Conclusions

A unique property of strain EbN1 is its capacity to de-
grade toluene and ethylbenzene anaerobically via two com-
pletely different pathways. The identification of the corre-
sponding genes will enable more detailed investigations
into their substrate-dependent regulation. Based on the
observed expression of “bssG” in toluene-metabolizing
cells, the bss operon can be predicted to include this gene.
This demonstrates the benefit of proteomic approaches for
the annotation of hypothetical proteins. Considering the
high degree of conservation among benzylsuccinate syn-
thases, it will be interesting to compare them to the so far
unknown subunit sequences of (1-methylpentyl)succinate
synthase, the proposed n-hexane activating enzyme of Azo-
arcus-like strain HXN1 (Rabus et al. 2001). These two
types of enzymes might differ on the sequence level, since
they activate chemically different hydrocarbons and form

products with different stereochemical properties. The high
sequence similarity of the bss and bbs operons of different
species may be utilized for environmental studies to mon-
itor expression of genes involved in anaerobic degrada-
tion of aromatic hydrocarbons. In fact, expression of bssA
has only recently been determined in fuel-contaminated
groundwater by real-time RT-PCR (Beller et al. 2002).
Such in situ expression studies together with a determina-
tion of key metabolites, e.g. benzylsuccinates (Beller 2000;
Elshahed et al. 2001), could substantially advance our an-
alytical capabilities to assess biodegradation of hydrocar-
bons in oil reservoirs or bioremediation efforts at contam-
inated sites.
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