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Abstract Mycobacterium vanbaalenii PYR-1 is well
known for its ability to degrade a wide range of high-
molecular-weight (HMW) polycyclic aromatic hydro-
carbons (PAHs). The genome of this bacterium has
recently been sequenced, allowing us to gain insights
into the molecular basis for the degradation of PAHs.
The 6.5 Mb genome of PYR-1 contains 194 chromo-
somally encoded genes likely associated with degra-
dation of aromatic compounds. The most distinctive
feature of the genome is the presence of a 150 kb major
catabolic region at positions 494 ~ 643 kb (region A),
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with an additional 31 kb region at positions
4,711 ~ 4,741 kb (region B), which is predicted to
encode most enzymes for the degradation of PAHs.
Region A has an atypical mosaic structure made of
several gene clusters in which the genes for PAH
degradation are complexly arranged and scattered
around the clusters. Significant differences in the gene
structure and organization as compared to other well-
known aromatic hydrocarbon degraders including
Pseudomonas and Burkholderia were revealed. Many
identified genes were enriched with multiple paralogs
showing a remarkable range of diversity, which could
contribute to the wide variety of PAHs degraded by M.
vanbaalenii PYR-1. The PYR-1 genome also revealed
the presence of 28 genes involved in the TCA cycle.
Based on the results, we proposed a pathway in which
HMW PAHs are degraded into the [-ketoadipate
pathway through protocatechuate and then mineralized
to CO, via TCA cycle. We also identified 67 and 23
genes involved in PAH degradation and TCA cycle
pathways, respectively, to be expressed as proteins.

Keywords Degradation - Genomic analysis -
Mycobacterium vanbaalenii PYR-1 - Polycyclic
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Abbreviations

CYPs  Cytochrome P450 monooxygenases
HMW  High-molecular-weight

JGI Joint Genome Institute
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KEGG Kyoto Encyclopedia of Genes and
Genomes

ORFs  Open reading frames

PAHs  Polycyclic aromatic hydrocarbons

RHOs  Ring-hydroxylating oxygenases

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are one of
the most ubiquitous classes of organic compounds
commonly detected in the environment. They are
often formed as a result of incomplete combustion
of organic matter (IARC 1983). Over the years,
extensive efforts have been devoted to develop
bioremediation strategies since many PAHs and their
metabolic intermediates transformed by mammalian
enzyme systems are toxic, mutagenic, and carcino-
genic (Penning et al. 1999; Bolton et al. 2000). High-
molecular-weight (HMW) PAHs, with four or more
fused benzene rings, are particularly troubling con-
taminants since they are generally less soluble, highly
hydrophobic, and are known to be more difficult to be
degraded and to persist in the environment (Kanaly
and Harayama 2000).

Mycobacterium vanbaalenii PYR-1 was originally
isolated in 1986 from oil-contaminated estuarine
sediment exposed to petrogenic chemicals in the
watershed of Redfish Bay, Texas (Khan et al. 2002;
Kim et al. 2005a). It was the first bacterium reported
to degrade the HMW PAH pyrene (Heitkamp and
Cerniglia 1988). M. vanbaalenii PYR-1 has the
ability to degrade many other PAHs, including some
of the HMW PAHs such as fluoranthene, 1-nitropy-
rene, benzo[a]pyrene, benz[a]anthracene, and 7,12-
dimethylbenz[a]anthracene (Heitkamp and Cerniglia
1988, 1989; Kelley et al. 1991; Kelley and Cerniglia
1995; Moody et al. 2003, 2004, 2005). Due to its
versatile PAH degradability, this bacterium has been
studied for the purpose of elucidating PAH degrada-
tion pathways along with other Mycobacterium spp.
isolated from PAH contaminated soils (Grosser et al.
1991; Boldrin et al. 1993; Schneider et al. 1996; Vila
et al. 2001; Lopez et al. 2005). Attempts have also
been made to apply strain PYR-1 to remediate PAHs-
contaminated soils (Heitkamp and Cerniglia 1989;
Ramirez et al. 2001; MacLeod and Daugulis 2003).

@ Springer

However, despite years of research, many critical
aspects related to PAH metabolism by mycobacteria,
including the metabolite gaps in HMW PAH degra-
dation pathways; the enzymatic and molecular basis
and regulatory mechanisms, remain unknown.

In recent years, the catabolism of aromatic com-
pounds in several other bacterial species, such as
Pseudomonas, Burkholderia, Acinetobacter, and
Rhodococcus, have been evaluated at the genomic
level (Jimenez et al. 2002; Barbe et al. 2004; Chain
et al. 2006; McLeod et al. 2006). The genome-based
sequence information has provided a considerable
body of knowledge with respect to the degradation of
aromatic compounds. However, those genomes were
mostly involved in the degradation of monocyclic
aromatic compounds or low-molecular-weight PAHs
and no reports have described HMW PAH degrada-
tion. It has been shown that genes and catabolic
processes for the degradation of aromatic compounds
in mycobacteria are not closely related to their
counterparts from other microorganisms (Habe and
Omori 2003). For example, oligonucleotide primers
designed to specify dioxygenase genes from myco-
bacterial species have low homologies to those
classical nahAc, phnAc, and bphAl genes from
PAH-degrading Pseudomonas, Sphingomonas, and
Burkholderia species (Hamann et al. 1999; McLellan
et al. 2002; Brezna et al. 2003; Hall et al. 2005; Zhou
et al. 2006). This suggests either different origins for
the aromatic catabolic genes by M. vanbaalenii PYR-
1 or significant genetic divergence from these other
bacterial isolates. Previously, we have identified parts
of genes and enzymes involved in aromatic hydro-
carbon degradation by strain PYR-1 (Khan et al.
2001; Kim et al. 2004a, b, 2006; Stingley et al. 2004;
Brezna et al. 2006). Recently, we studied strain
PYR-1 grown on PAHs using functional genomic
approaches (Kim et al. 2007; Kweon et al. 2007),
which established the groundwork for the PYR-1
genome analysis in relation to PAH degradation. In
the current study, we analyzed the PYR-1 complete
genome sequence to understand the molecular back-
ground for PAH metabolism. We have particularly
focused on the aromatic catabolic genes and TCA
cycle genes that are responsible for the complete
degradation of PAHs. In addition, PYR-1 proteome
profiles were examined to see whether the genome
analysis is supported at the protein level.
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Materials and methods
Genome analysis with respect to PAH degradation

The complete M. vanbaalenii PYR-1 genome sequence
is available at the Joint Genome Institute (JGI)
(http://img.jgi.doe.gov) and NCBI (accession no.
CP000511). The automatically generated genes by JGI
were reanalyzed with respect to PAH metabolism.
BLASTP searches were conducted with the non-
redundant protein database (Altschul et al. 1997).
Functionally characterized proteins or most similar
proteins of strain PYR-1 were taken into account for
reassignment of functions. Since many genes for
enzymes functionally identical to those in the aromatic
degradation pathway have been characterized in
other organisms, such as genes for ring-hydroxylating
oxygenases, we were able to search putative genes for
enzymes in the PAH pathway from the PYR-1 genome.
Paralog groups were identified using JGI system
based on BLASTP hits, with cutoff values of <107>
(E-value). We also picked ORFs of interest by keywords
and BLAST searches using the PYR-1 JGI database.
Selected ORFs were further analyzed for the conserva-
tion of the molecular structures in comparison with other
aromatic degrading enzymes. Missing genes were also
checked in the JGI initial annotation and start/stop
positions of some genes were revised using the Artemis
comparison tool (Carver et al. 2005).

Reconstruction of the TCA cycle

The M. vanbaalenii PYR-1 genome was examined for
sequence similarity to enzymes participating in the TCA
cycle. Initially, biochemical reactions in the TCA cycle
that have been proposed to be operative in this organism
were collected from the Kyoto Encyclopedia of Genes
and Genomes (KEGG, http://www.genome.jp/kegg/
pathway/map/) (Kanehisa et al. 2006). ORFs predicted
by KEGG were thoroughly analyzed and verified for the
respective reaction steps. Genes were additionally
assigned using BLAST tool, especially when gaps in the
pathway were found. Similarity searches were based on
the same cutoff values of <107> (E-value).

Proteome data normalization

Previously, PYR-1 proteomes from pyrene- and
fluoranthene-supplemented media were identified in

two independent studies using sorbitol as a control
medium for each PAH induction condition (Kim
et al. 2007; Kweon et al. 2007). Briefly, proteins
were separated by SDS-PAGE, excised into 40 equal
bands and each band analyzed by nano liquid
chromatography coupled to tandem mass spectrom-
etry. The product ion data were searched against the
M. vanbaalenii PYR-1 translated genome sequence
and the database search results were collated into
non-redundant lists. The total number of peptides
per protein (spectral count) was used for approximate
relative quantitation between samples. The sum of the
spectral count per lane from all identified proteins
was used for normalization to compensate for
analytical drift in the system; arbitrarily we normal-
ized with respect to the control lane.

Alignments and phylogenetic analyses

Pairwise and multiple alignments were performed
using CLUSTALX version 1.83 (Thompson et al.
1997) with all parameters set to their default values.
The phylogenetic tree was constructed for 47 oxy-
genase sequences by the Neighbor-Joining method
(Saitou and Nei 1987) then visualized with TREE-
VIEW (Page 1996). The reliability of the tree
obtained was evaluated by 1,000 bootstrap
replications.

Results and discussion

Overview of the genome analysis in relation
to PAH metabolism

The recent complete sequencing of the M. vanbaale-
nii PYR-1 genome and four other closely related
Mycobacterium spp. conducted by the JGI/Integrated
Microbial Genome (IMG) has enabled genomic
studies that could provide the molecular basis of
metabolic versatility as well as deeper insight into
unique biology of the genus Mycobacterium. The
6.5 Mb (6,491,865 bp) genome of strain PYR-1 has
been shown to contain 5,979 predicted protein coding
sequences in a single circular chromosome with an
average G + C content of 67%. The PYR-1 genome
sequence confirmed the existence of the previously
reported catabolic genes involved along with their
relative positions on the genome. Additional paralogs
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of most of the genes were also identified. As listed in
Table 1, strain PYR-1 possesses 194 chromosomally-
encoded genes likely to be associated with metabo-
lism of aromatic hydrocarbons. Most of these genes
identified by JGI were reannotated with respect to
aromatic hydrocarbon degradation. We added to
the annotation list a gene (phtAc), located between
Mvan_0466 and 0467, which encodes a ferredoxin
subunit of ring-hydroxylating oxygenase.

AsshowninFig. 1, most predicted catabolic genes of
the PYR-1 genome were localized in two regions at
positions 494-643 kb (region A) and 4,711-4,741 kb
(region B) with some others distributed all over the
chromosome. When the identified ORFs were compared
against the entire non-redundant protein database from
NCBI, many had highest sequence similarity to proteins
associated with the aromatic hydrocarbon degradation
of members of Mycobacterium and other nocardio-
form actinomycetes such as Terrabacter, Arthrobacter,
Nocardioides, Streptomyces, and Rhodococcus. How-
ever, besides its PAH degrading activity, comparison
between the catabolic genes of M. vanbaalenii PYR-1
and other PAH degrading Gram positive bacteria
revealed significant differences in the degree of
sequence similarity. The overall organization of the
genes was also found to be significantly different. The
highest BLAST hit to other well known gram-negative
aromatic hydrocarbon degraders, such as Sphingomon-
as, Burkholderia, Comamonas, and Pseudomonas, gave
only 32 annotations.

Within the 150 kb stretch of region A, all of the
genes involved in the complete pathway of PAH
degradation were identified. These include multiple
isozymes for each metabolic step in the degradation
pathways. The region appears to be specialized in the
degradation of HMW PAHs since it possesses all the
catabolic genes (Mvan_0462-0600) required for com-
plete PAH degradation including those of the f-
ketoadipate pathway. The structural genes required
for aromatic degradation in Pseudomonas spp. and
other gram-negative bacteria are usually well organized
in a particular cluster (Harayama et al. 1987). However,
as shown in Fig. 1, the organization of region A in
strain PYR-1 is an atypical mosaic structure of
complexly arranged catabolic genes, in which genes
involved in particular degradation processes are not
arranged into a single cluster but dispersed throughout
several different gene clusters. For instance, the
genes (Mvan_0487/0488) encoding ring-hydroxylating

@ Springer

oxygenase (RHO) are located 53 kb upstream of
Mvan_0470 and 17 kb downstream of Mvan_0544,
which encode the enzymes required for the next two
steps of PAH ring-hydroxylation, dihydrodiol dehydro-
genase and ring-cleavage dioxygenase, respectively.

There is a considerable amount of experimental
information about the proteome profiles of strain
PYR-1 induced by several kinds of PAHs (Kim et al.
2004a, 2007; Kweon et al. 2007). Thus we tried to
relate the genome sequence-based analysis for Myco-
bacterium to the experimental proteome data to
determine if the predicted genes are translated as
protein. From the proteome data, we confirmed that
67 of the 194 genes are expressed as proteins involved
in PAH degradation pathways (Table 1).

Genes involved in the upper pathway of PAH
degradation

Degradation of HMW PAHs in M. vanbaalenii PYR-1
proceeds via multiple routes, which usually channel
into a limited number of central metabolic intermedi-
ates, such as protocatechuate. For example, strain
PYR-1 degrades pyrene and fluoranthene into the TCA
cycle via protocatechuate with at least two and four
different degradation routes, respectively (Kim et al.
2005b, 2007; Kweon et al. 2007). These degradation
pathways, however, can be generalized based on the
type of metabolic products and enzyme reactions as
shown in Fig. 2. Detoxification reactions are also
included in the generalized degradation pathways.
Initially, the degradation of PAH begins with
aromatic ring hydroxylation (Fig. 2). Analyses of
metabolites performed with whole cells or enzymes of
strain PYR-1 indicate that the hydroxylation of PAHs
is initiated by both mono- and dioxygenation reac-
tions. In this step, one or two atoms of dioxygen are
incorporated into substrates forming dihydrodiol
compounds with frans and cis configurations, respec-
tively (Heitkamp et al. 1988; Kelley et al. 1990). Two
groups of oxygenases, RHOs and cytochrome P450
monooxygenases (CYPs) have been found in M. van-
baalenii PYR-1 for the aerobic metabolism of PAHs.
Analysis of the genome sequence predicted the
existence of a total of 21 genes encoding RHO
(Table 1). Among them, eight RHOs (seven in region
A and one in region B) exist as « and /3 subunit pairs of
RHO. Six gene pairs in region A, Mvan_0463/0464
(phtAaAb),  0487/0488  (nidAB),  0525/0526
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Fig. 1 Schematic diagram showing genetic information

derived from the catabolic regions A and B on the PYR-1
genome. Genes and predicted ORFs are indicated by arrows
and the arrowheads indicate the directions of transcription.
Numbers above the arrows indicate the ORF (Mvan_0000)
from the PYR-1 genome, which are as described in the text and
listed in Table 1. Genes whose expression was identified in the
proteome analyses are in boldface number. The ORFs are

(nidA3B3), 0533/0534, 0539/0540, and 0546/0547,
have been previously identified to be involved in
aromatic hydrocarbon degradation (Khan et al. 2001;
Stingley et al. 2004; Kim et al. 2006, 2007; Kweon
et al. 2007). Sequence analysis indicated that
Mvan_0546/0547 also likely transforms other PAHs
including phenanthrene, naphthalene, and biphenyl
because it contains a considerable sequence similarity
to other enzymes having such substrate specificities
(Larkin et al. 1999; Mukerjee-Dhar et al. 2005). The
seventh RHO pair in region A, Mvan_0492/0493 is
similar to the salicylate hydroxylase from Sphingo-
monas sp. P2 (Pinyakong et al. 2003). This enzyme is
known to catalyze the monooxygenation reaction of
salicylate to produce catechol. The eighth RHO pairs,
Mvan_4415/4416 in region B, were matched to the
proteins involved in the oxidation of chlorophenol/

5000y
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grouped on the basis of (putative) function as follows: red,
ORFs involved in PAH catabolism; pink, ORFs involved in
transcriptional regulation; blue, ORFs with predicted function
other than PAH degradation; yellow, ORFs involved in DNA
mobilization; green, ORFs predicted to be involved in
membrane transport system; white, ORFs with no predicted
function or encoding hypothetical proteins

biphenyl. On the genome of strain PYR-1, the
paralogs to oxygenase subunits are not always located
in pairs; 13 paralogs of oxygenase subunits were
identified to be positioned as an independent ORF.
Most of these orphan oxygenases also appeared to be
associated with PAH degradation (Table 1).

One interesting observation in Table 1 is the
responsiveness and extent of fold changes in abun-
dance of some proteins with respect to PAH
induction, which can be correlated to regulation and
function of some enzymes; some of the genes were
not as responsive to fluoranthene as compared to the
cells induced by pyrene and vice versa. For example,
Mvan_0525 (NidA3), encoding an « subunit of RHO,
were about two-fold more abundant during growth
with fluoranthene than with pyrene. This proteomic
data not only confirms the involvement of the gene

@ Springer
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Fig. 2 Overview of
degradative pathway for
HMW PAHs. Solid arrows
indicate one-step reactions
and dashed arrows show
two or more steps. Roman
numbers represent
enzymatic steps in the

Transport system

Ring-hydroxylating oxygenase: 21
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products in fluoranthene degradation as demonstrated distributed in the tree, which reflects a considerable

previously (Khan et al. 2001; Stingley et al. 2004;
Kim et al. 2006, 2007; Kweon et al. 2007) but also
indicates that the enzyme is likely the major enzyme
for the degradation of fluoranthene in strain PYR-1.
On the other hand, Mvan_0488 (NidA), encoding
another RHO o subunit, was only found in the
pyrene-induced PYR-1 cells, which also supports our
previous findings that the enzyme plays an important
role in pyrene degradation by strain PYR-1 (Khan
et al. 2001; Stingley et al. 2004; Kim et al. 2006,
2007; Kweon et al. 2007).

The success of strain PYR-1 in degrading various
aromatic compounds appears to be based on the
possession of multiple copies of RHO. Figure 3 shows
a phylogenetic tree for the 21 strain PYR-1 and 25
other bacterial RHO o subunits. They are widely
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degree of sequence diversity. The relatively large
deviations in sequence identities (28—59% at the level
of amino acids) between these 21 oxygenases within
strain PYR-1 implicate different substrate specificities
and are thought to constitute the genomic potential
which significantly increases the catabolic degrada-
tion ability and efficiency of M. vanbaalenii PYR-1.

Ring-hydroxylating oxygenase is a multi compo-
nent enzyme system which often consists of a
terminal oxygenase(s) and an electron transfer com-
ponent(s) (Mason and Cammack 1992; Gibson and
Parales 2000). In the genome analysis, phtAc/phtAd
were identified as electron transfer components,
whose function has been implicated in electron
transfer coupled with ring hydroxylation reaction
(Kim et al. 2006, 2007; Kweon et al. 2007). Multiple
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Fig. 3 Phylogenetic tree of 21 ring-hydroxylating oxygenases
of strain PYR-1 obtained from alignment with 25 related
proteins from other microorganisms. The PYR-1 genes are in
red. The numbers on branches refer to the percentage
confidence, estimated by a bootstrap analysis with 1,000
replications. Scale bar indicates percentage divergence. Gen-
Bank accession numbers for the sequences are as follows:
PhtA1_Terrabacter sp. DBF63, AP008980; PhtAa_Arthrobac-
ter keyseri 12B, AF331043; PhdA_Nocardioides sp. KP7,
ABO17794; PhnAc_Alcaligenes faecalis AFK2, AB024945;
NahAc_Pseudomonas sp. 9816-4, U49496; PahAc_P. putida
OUS82, ABO004059; CarAa_Sphingomonas sp. CB3,
AF060489; DxnAl_Sphingomonas sp. RWI1, X72850;

paralogs to ferredoxin (Mvan_0532/0549/0909/3495/
4235/4417) and ferredoxin reductase (Mvan_1290/
2893/2897/4186/4239/5309) were also found in sep-
arate regions.

The involvement of CYPs in the initial monooxy-
genation of PAHs has been demonstrated in M.
vanbaalenii PYR-1 (Heitkamp et al. 1988; Kelley et al.
1990). The enzyme along with epoxide hydrolase
produces frans-dihydrodiols. By genome data mining
and analysis, we identified 50 paralogs to CYPs
dispersed throughout the genome, most of which had
unknown specific functions. Of these CYPs, only
those encoded by Mvan_1848 and 4141, belong to
classes CYPI51 and CYP150, respectively, have
been experimentally characterized as catalyzing the
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Mvan_0488 (NidA)

BphAl_Rhodococcus sp. RHA1, D32142; TodCl_P.putida
F1, J04996; BphAl_Pseudomonas sp. KKS102, D17319;
BphA_ Burkholderia xenovorans LB400, M86348; BphAl_P.
pseudoalcaligenes KF707, AF049345; TsaM_Comamonas
testosterone T-2, AF303942; CarAa_Pseudomonas sp. CA10,
D89064; PobA_P. pseudoalcaligenes POB310, X78823;
CbaA_Comamonas testosteroni BR60, U18133; OphA2_Burk-
holderia cepacia DBO1, AF095748; KshA_R. erythropolis
SQ1, AY083508; AtdA3_Acinetobacter sp. YAA, D86080;
TdnAl1_P. putida UCC22, D85415; AntA_A. calcoaceticus
ADPI1, AF071556; CbdA_B. cepacia 2CBS, X79076; BenA_A.
calcoaceticus ADP1, AF009224

hydroxylation of dibenzothiophene, 7-methyl-
benz[a]anthracene, and pyrene (Brezna et al. 2006).
Among other CYPs, two ORFs, Mvan_0779 and
Mvan_2422, showed similarity to the published gene
P450RhF from Rhodococcus sp. NCIMB 9784. The
gene was shown to be involved in aromatic degradation
(Karlson et al. 1993). Although disproportionately high
numbers of CYP-encoding genes relative to genome
size are typical of actinomycetes, the presence of 50
paralogs to CYP is a distinguishing feature of the
PYR-1 genome. For example, the genome sequences of
Rhodococcus sp. RHA1 (McLeod et al. 2006), M.
tuberculosis H37Rv (Cole et al. 1998), Streptomyces
avermitilis (Lamb et al. 2003), and S. coelicolor A3
(Bentley et al. 2002) revealed 25, 20, 33, and 18 CYPs,
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respectively. The number of CYP paralogs is 57 in the
human genome (Guengerich et al. 2005). Although we
could not assign specific functions for most CYPs based
on the current data, their abundance is also thought to
contribute to the wide range of PAHs degraded by M.
vanbaalenii PYR-1. Four paralogs (Mvan_0521/4611/
4764/4998) to epoxide hydrolase were also found on the
genome. We identified in the proteome list that 6 and 2
genes encoding CYP and epoxide hydrolase, respec-
tively, were expressed as protein.

The second step in the upper pathway for the
metabolism of PAHSs is the dehydrogenation of the
dihydrodiol to form ortho or meta dihydroxylated
intermediates catalyzed by dihydrodiol dehydrogenase
(Fig. 2). Analysis of the genome sequence identified 5
paralogs to dihydrodiol dehydrogenase, which rearo-
matizes dihydrodiols produced from initial ring-
hydroxylation to form catechol derivatives. Among
them, the expression of four dihydrodiol dehydrogen-
ases (Mvan_0466/0541/0544/2848) was previously
shown to be associated with PAH degradation (Kim
et al. 2006, 2007; Kweon et al. 2007). The fifth
paralog (Mvan_4412) seems to be essential for the
biphenyl/monocyclic aromatic degradation. In the case
of ring-cleavage oxygenase, which adds molecular
oxygen to break carbon—carbon bonds of the aromatic
ring, the genome appeared to encode a total of 10
paralogs. Of these, we previously proposed that 4 ring-
cleavage oxygenases (Mvan_0468/0470/0542/0545)
were related to pyrene and fluoranthene degradation
(Kim et al. 2007; Kweon et al. 2007). The rest have
been assigned with putative function in relation to
homology to other documented proteins. As demon-
strated in the studies with Rhodococcus (Sakai et al.
2002; Gongalves et al. 2006), the presence of multiple
ring-cleavage dioxygenase isozymes in strain PYR-1
could also improve its catabolic ability.

We also recognized sets of genes possibly coding
for the enzymes, hydratase—aldolase, hydrolase,
alcohol dehydrogenase, aldehyde dehydrogenase,
decarboxylase, hydratase, and aldolase, by BLAST
searches based on sequence similarity. They are
involved in a series of reactions catalyzing ring-
cleavage products to protocatechuate. These genes
were also often found in clusters with other aromatic
degrading genes or scattered around the genome.
Redundancy to some extent was observed for some of
these genes, which could increase strain PYR-1’s
catabolic potential. For example, 8 paralogs of meta-
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cleavage product hydrolase (Mvan_0538/0592/2898/
2912/4238/4246/4414/5307) were identified in the
genome. The hydrolase enzyme has been reported to
be inefficient and could be a metabolic bottleneck in
transforming meta-cleavage products in PAH degra-
dation (Seah et al. 2000).

Genes involved in the f-ketoadipate pathway

As in many other aromatic-degrading microorganisms
(Harwood and Parales 1996; Jimenez et al. 2002),
M. vanbaalenii PYR-1 is able to transform the diverse
structures of many aromatic compounds to one of
the common aromatic intermediates, protocatechuate.
In region A of the PYR-1 genome, the pca genes
encoding the six enzymes involved in the -ketoadipate
pathway, were arranged as pcaHGBLIJ (Mvan_0560 to
0565) (Table 1, Fig. 1) with an additional pcalJ gene
set (Mvan_4402/4403) encoding f-ketoadipate CoA
transferase o and f subunits in region B. The pathway
has been previously proposed for the degradation of
phthalate, phenanthrene, pyrene and fluoranthene in
strain PYR-1 and many other actinobacteria (Eulberg
et al. 1998; Habe et al. 2005; Patrauchan et al. 2005).
The cluster found in the PYR-1 genome lacks the gene
encoding f-ketoadipyl CoA thiolase (pcaF) catalyzing
the last step of the pathway, transforming f-ketoadipyl
CoA to succinyl CoA and acetyl CoA. We identified five
probable paralogs (Mvan_0916/4206/4589/4677/5282)
for the enzyme, which occur as independent ORFs
located separately. Most of these genes encoding f-
ketoadipate protocatechuate pathway enzymes were
previously shown to be expressed in the proteome
analysis (Table 1) (Kimet al. 2007; Kweonet al. 2007).

Additional catabolic functions found
in the 31 kb region B

The 31 kb region B also contains an abundance of other
genes (Mvan_4390-4417) showing significant similar-
ity to those encoding proteins involved in the
degradation of the biphenyl and chloro-substituted
phenols. In this region, genes encoding o and f§ subunits
of ring-hydroxylating oxygenase (Mvan_4415/
4416), probably involved in the initial oxidation of
biphenyl, were identified clustering closely with a series
of other genes for biphenyl degradation such as 2,3-
dihydroxy-1-phenylcyclohexa-4,6-diene (dihydrodiol)
dehydrogenase (Mvan_4412), 2,3-dihydroxybiphenyl
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1,2-dioxygenase (Mvan_4413), and 2-hydroxy-6-oxo-
6-phenylhexa-2,4-dienoate (meta-cleavage compound)
hydrolase (Mvan_4414). The genes bphEGF encoding
2-hydroxypenta-2,4-dienoate hydratase, acetaldehyde
dehydrogenase (acylating), and 4-hydroxy-2-oxovler-
ate aldolase were localized in a different region
(Mvan_4413 to 4416). These enzymes convert 2-
hydroxypenta-2,4-dienoic acid, the intermediate of
biphenyl degradation, to acetyl-coenzyme A. Copies
of these genes (bphEFG) were additionally found in 3
separate clusters; Mvan_0595/0596/0597 in region A,
Mvan_4393/4392/4391 in region B, and Mvan_5236/
5235/5234 in an independent location. However, impli-
cation of these enzymes in the degradation of biphenyl
has to be confirmed experimentally. We also screened
the genome sequence to see whether enzymes involved
in the degradation of benzoate are present. However, no
obvious genes encoding benzoate 1,2-dioxygenase or
enzymes involved in the aerobic benzoyl-CoA catabolic
pathway (Gescher et al. 2006) appeared to be present in
the genome.

Genes involved in detoxification

M. vanbaalenii PYR-1 has a large number of determi-
nants associated with protection against PAH
substrates and metabolites. In prior studies, we
provided evidence for the existence of enzyme(s)
involved in the O-methylation of anthracene, phenan-
threne, fluoranthene, and pyrene, which produce
monomethoxy- and dimethoxy-compounds (Kelley
et al. 1993; Moody et al. 2001). Recently, a catechol-
O-methyltransferase was detected in the cytosol of
strain PYR-1 (Kim et al. 2004b). This enzyme was
proposed to play a role in the detoxification of
compounds with hydroxyl groups by generating less
reactive methoxy-derivatives (Haggblom et al. 1988).
We identified Mvan_3118 to be the catechol-O-
methyltransferase (Kim et al. 2004b) and Mvan_3118
was further assigned based on sequence similarity to
catalyze the O-methylation reaction. PAH o-quinones,
which are known to be genotoxic, can be produced
from PAH dihydrodiols by the catalysis of dihydrodiol
dehydrogenase followed by spontaneous oxidation.
However, PAH o-quinones can be reduced by a
quinone reductase to form PAH catechol compounds,
which can be metabolized by ring-cleavage enzymes
and proceed into the downstream degradation path-
way (Kim et al. 2003). We successfully matched the

N-terminal sequence of the purified quinone reductase
enzyme (Kim et al. 2003) to the gene Mvan_2039,
which was initially annotated by JGI as an NADPH-
dependent FMN reductase. In addition, paralogs to
catalase peroxidase (Mvan_2984/3201/3208/5493)
and superoxide dismutase (Mvan_0735/5671) were
identified on the genome. Catalase peroxidase has been
proposed to have a detoxification function in strain
PYR-1 (Wang et al. 2000). The enzyme together with
superoxide dismutase has been associated with the
dioxygenase-mediated uncoupling reaction of aro-
matic oxidation that results in the release of H,O,
(Fiorenza and Ward 1997; Jouanneau et al. 2006). A
paralog to glutathione S-transferase (Mvan_5043) was
also included in the list since the enzyme has been
proposed to have a detoxification function in relation to
PAH catabolism (Lloyd-Jones and Lau 1997; Vuilleu-
mier and Pagni 2002; Gilmartin et al. 2003).

Genes potentially related to genetic mobile
elements/membrane transport system

The catabolic gene clusters responsible for aromatic
degradation often involve membrane transport genes
responsible for the uptake of aromatic compounds
into the cell and mobile genetic elements that play a
major role in the effective genetic acquisition of the
accessory functions in many microorganisms. It is
interesting to note that a high number of genes
associated with membrane transport systems and
insertion sequences flank PAH catabolic genes in the
PYR-1 genome. We identified in region A a total of
34 ORFs showing similarities to enzymes associated
with DNA transposition and integration (Fig. 1).
The roster of these mobile genetic elements includes
proteins encoding IS3/IS97/1 transposase (Mvan_
0453), 1IS2]1 transposase (0482), mutator-type
transposase (0454), recombinase (0455), transposase
B/C-like protein (0479/0489), and many other trans-
posable elements. These multiple mobile genetic
elements are most likely involved in the transposition
of catabolic modules that resulted in gene rearrange-
ment leading to complicated mosaic gene structure. A
total of 23 ORFs involved in membrane transport
systems were also identified in the region A and B,
which include genes similar to ABC transport
systems, efflux pump proteins, and other membrane
associate proteins. These enzymes are thought to be
involved in the uptake of a multitude of organic
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compounds (Hearn et al. 2003; Dos Santos et al.
2004; Kurbatov et al. 2006). These two features
probably contribute to strain PYR-1’s flexibility
when surviving in oligotrophic environments and
competing successfully with other organisms. How-
ever, although it is tempting to speculate on their
function, it is beyond the scope of this study to
determine whether and how such genes of M.
vanbaalenii PYR-1 are involved in the catabolism
of aromatic compounds.

Citric acid cycle

The M. vanbaalenii PYR-1 genome was also exam-
ined for the existence of genes encoding enzymes
participating in the TCA cycle, which is required for
the metabolism of the end products of the f-
ketoadipate pathway, succinyl-CoA and acetyl-CoA,
which feed directly into the cycle. We took the
KEGG database (Kanehisa et al. 2006) as starting
point for the elucidation of TCA cycle genes since
this database has linked some of the PYR-1 genome
sequence to the metabolic pathways. However, in the
KEGG database, only 10 ORFs were proposed to be
related to the TCA cycle and some of the metabolic
steps were not assigned any ORFs. For example,
among the eight reaction steps of the TCA cycle,
genes for aconitase, 2-oxoglutarate dehydrogenase,
and fumarase were missing. Therefore, we manually
looked for additional gene candidates which resulted
in the identification of a total of 28 genes involved in
the TCA cycle. As shown in Table 2 and Fig. 4, we
reconstructed a complete steps for the conversion of
citrate to oxaloacetate, some of which were assigned
with multiple copies of genes. All of the genes, with
the sole exception of the succinate dehydrogenase
flavoprotein subunit-encoding gene (Mvan_0484),
were distributed across the entire genome.

In order to demonstrate that the TCA cycle is
operative in M. vanbaalenii PYR-1, these sequence
similarity-based predictions were related to existing
proteome information. We identified that 23 out of 28
genes were expressed as proteins (Table 2 and Fig. 4)
(Kim et al. 2007; Kweon et al. 2007). Previously, the
expression levels of many enzymes involved in PAH
degradation were shown to be induced in strain PYR-
1 grown with PAHs (Kim et al. 2007; Kweon et al.
2007). Interestingly however, most of the TCA cycle
genes did not appear to be changed in abundance

@ Springer

(Table 2). They exhibited similar expression profiles
showing quite stable quantities of protein across all
three tested growth conditions. Although there were
some differences, these were considered to be
marginal, or no more than 2-fold. This indicates that
these TCA cycle genes in the PAH induced PYR-1 do
not seem to be differently affected as compared to
the sorbitol-grown PYR-1. The only exception is the
gene encoding succinate dehydrogenase flavoprotein
subunit (Mvan_0484), which was 15-fold more
abundant in the pyrene-induced PYR-1. Because this
gene is encoded in region A near genes that are
significantly induced in the presence of pyrene, such
as NidB2 (Mvan_0483), NidD (0486), and NidA
(0488), the succinate dehydrogenase is likely coordi-
nately upregulated with them.

Conclusion

In this study, we undertook genomic analyses to
determine the molecular factors responsible for the
degradation of HMW PAHs by M. vanbaalenii PYR-
1. Overall, the M. vanbaalenii PYR-1 genome had
194 and 28 genes involved in the degradation of
PAHs and the TCA cycle, respectively. A total of 90
gene predictions were additionally verified at the
protein level. Based on the results, we proposed a
pathway in which HMW PAHs are degraded into the
p-ketoadipate pathway through protocatechuate and
then mineralized to carbon dioxide via the TCA
cycle. The PAH catabolic genes are mostly located in
genomic regions A and B with others scattered all
over the chromosome. The sequences and arrange-
ment of aromatic catabolic genes of strain PYR-1
appear to have diverged considerably from those of
other bacterial species. A considerable multiplicity of
the genes with a high range of diversity involved in
PAH catabolism was revealed. This complex suite
of enzymes with different catalytic potential appears
to contribute to the exceptional ability of strain PYR-
1 to degrade HMW PAHs. From the standpoint of
aromatic hydrocarbon degradation, the genome of
M. vanbaalenii PYR-1, as featured in this analysis,
appears to be geared toward the degradation of HMW
PAHs. Although this study addressed some important
questions about molecular background and allowed
us to assemble a whole picture for the degradation of
HMW PAHs by strain PYR-1, understanding the
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Table 2 Identified genes coding for the enzymes related to the citric acid cycle in M. vanbaalenii PYR-1
Enzyme (EC number) Gene Mvan Normalized peptide counts”
number”
Control Pyrene Fluoranthene
Citrate synthase (2.3.3.1) gltA 5022 25.5 39.2 275
5025 3.0 5.4 1.9
Citrate lyase (4.1.3.6)
p Chain citE 2378 2.5 1.4 2.8
2654 - - -
4087 - - -
4487 1.5 2.7 -
Aconitate hydratase (4.2.1.3) acnA 2745 29.5 35.2 37.0
Isocitrate dehydrogenase, NADP" (1.1.1.42) icd 3212 52.5 73.1 48.4
2-Oxoglutarate dehydrogenase (1.2.4.2) SucA 4477 117.5 110.9 144.2
Dihydrolipoamide succinyltransferase (2.3.1.61) sucB 3579 27.0 13.5 36.1
Dihydrolipoamide dehydrogenase (1.8.1.4) pdhD 0794 20.5 36.5 26.6
2-Oxoglutarate synthase (1.2.7.3)
o Subunit korA 3965 16.0 21.6 17.1
f Subunit korB 3964 3.0 5.4 4.7
Succinyl-CoA synthetase (6.2.1.5)
o Subunit sucD 4869 6.0 6.8 8.5
f Subunit sucC 4870 9.5 6.8 5.7
Succinate dehydrogenase/fumarate reductase (1.3.99.1,1.3.5.1)
Flavoprotein subunit sdhA 0284 18.5 24.4 23.7
0484 2.0 31.1 -
1587 10.5 20.3 13.3
2799 - - -
Iron sulfur subunit sdhB 0283 8.0 54 6.6
1586 3.0 4.1 2.8
Cytochrome b subunit sdhC 1589 0.5 1.4 -
Hydrophobic membrane anchor protein sdhD 1588 - - -
Fumarate hydratase class 11 (4.2.1.2) fumC 4649 17.5 21.6 13.3
Malate dehydrogenase (1.1.1.37) mdh 3067 1.0 - 1.9
Malate synthase G (2.3.3.9) aceB 3097 20.0 25.7 19.0
Isocitrate lyase (4.1.3.1) Icl 0801 - - -
aceAa 2977 75.5 85.2 78.8

# Mvan indicates the locus tag number assigned to each ORF in the M. vanbaalenii PYR-1 genome sequence. Mvan numbers shown
in italics indicate ORFs that were proposed by KEGG to be involved in the citric acid cycle

® See Table 1 footnote ¢

overall physiology of the cell towards PAH
metabolism may still be far from complete. Exper-
imentation to further verify annotated functional
roles of catabolic genes is necessary as well as the
expansion of genome analysis to the entire PYR-1
genome. In concert with this work, additional

functional genomic studies, to obtain more informa-
tion about genes and their interactions, are being
conducted, which will lead to a new and more holistic
view on the regulatory mechanisms as well as gene
functions in this bacterium with respect to PAH
metabolism.
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Fig. 4 TCA cycle of M. vanbaalenii PYR-1 as predicted from
genomic and proteomic information. Enzymes identified to be
responsible for the respective reaction steps are represented by
Mvan numbers. Numbers shown in bold and italic indicate
ORFs that were previously identified in the proteome and that
were proposed by KEGG to be involved in TCA cycle,
respectively
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