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Departamento de Genética, Facultad de Biología, Universidad de Sevilla, Seville, Spain

Received 7 August 2002/Accepted 19 December 2002

Five genes involved in the two initial steps of the tetralin biodegradation pathway of Sphingomonas macro-
golitabida strain TFA have been characterized. ThnA1A2 and ThnA3A4, components of the ring-hydroxylating
dioxygenase, were encoded in divergently transcribed operons. ThnA1, ThnA2, and ThnA3 were essential for
tetralin ring-hydroxylating dioxygenase activity. ThnB was identified as a dehydrogenase required for tetralin
biodegradation.

The organic solvent tetralin (1,2,3,4-tetrahydronaphthalene)
is widely used as a degreasing agent and solvent for fats, resins,
and waxes and as a substitute for turpentine in paints, lacquers,
and shoe polishes; tetralin is also used in the petrochemical
industry in connection with coal liquefaction (7). Tetralin is a
bicyclic molecule composed of an aromatic moiety and an
alicyclic moiety, which share two carbon atoms.

A few bacterial strains able to aerobically grow on tetralin as
the only carbon and energy source have been described previ-
ously (22). Several reports suggest that some bacteria initially
hydroxylate and further oxidize the alicyclic ring, while others
initially dioxygenate the aromatic ring, thus indicating that
tetralin may be aerobically metabolized in different ways (21,
23). Sphingomonas macrogolitabida strain TFA (formerly
Sphingopyxis macrogoltabida) (9, 26, 27) is able to grow on
tetralin as the only source of carbon and energy (10). Previous
work with this strain characterized a meta-cleavage and subse-
quent reactions, which cleave both the aromatic and the alicy-
clic rings of tetralin, thus yielding pyruvate and pimelic acid
semialdehyde (2, 8, 9). Four genes (thnC, thnD, thnE, and
thnF) coding for these enzymes have been identified and have
been shown to be located in two closely linked operons, which
are divergently transcribed (Fig. 1). These data suggested that
biodegradation of tetralin by strain TFA involves initial oxida-
tion of the aromatic ring to yield 1,2-dihydroxytetralin (1,2-
DHT), through reactions presumably catalyzed by a ring-
hydroxylating dioxygenase followed by a dehydrogenase. How-
ever, these enzymes or the genes coding for them had not yet
been identified. In this work, we describe the structural and
functional characterization of the genes encoding the enzyme

components involved in the first two steps of tetralin biodeg-
radation.

In previous work, a collection of mutants unable to grow on
tetralin as the only carbon and energy source had been con-
structed (10). Some of them were located in genomic regions
that were very close but outside of the previously sequenced
DNA fragments. In an attempt to fully characterize the tetralin
biodegradation pathway of strain TFA, three DNA regions
surrounding the previously identified genes were sequenced
(Fig. 1). Putative gene products encoded by the new sequences
were initially compared to those in the databases with the
Gapped BLAST program (1). For each open reading frame,
sequences showing high similarity to that of strain TFA were
aligned by using the CLUSTAL X program (25) with default
parameters. A phylogenetic tree was then constructed by the
neighbor-joining method (20).

Two potential genes, designated thnA1 and thnA2, whose
products showed high similarity to � and � subunits, respec-
tively, of terminal oxygenases of ring-hydroxylating dioxygen-
ases, were identified in the region downstream of thnF. ThnA1
had the highest similarities to an uncharacterized � subunit
coded in fragment C of Rhodococcus sp. strain RHA1 (12)
(62% identity over a 440-residue overlap) and to the gene
product of bphA1b in plasmid pNL1 of Sphingomonas aromati-
civorans (19) (62% identity over a 450-residue overlap). Phy-
logenetic analysis indicated that these proteins clustered within
group III, as defined by Nam et al. (17), represented by poly-
cyclic aromatic hydrocarbon dioxygenases (data not shown).
However, the three proteins generate a distinctive branch in
the dendrogram, not previously detected, which is highly di-
vergent from the other known � subunits (identity �40%).
ThnA1 showed strict conservation of the universally conserved
Cys and His residues, which have been shown to bind the
Rieske-type iron-sulfur center, and the catalytic residues coor-
dinating mononuclear iron identified in the crystallized naph-
thalene dioxygenase (11). Phylogenetic analysis of ThnA2 re-
vealed a dendrogram very similar to that obtained for ThnA1
(data not shown), although the levels of divergence among �
subunits were higher than those among � subunits. These data
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suggest that, in general, genes coding for the partner � and �
subunits have the same origin and evolve together, although
the � subunits tolerate more changes in the amino acid se-
quence.

In an operon divergently transcribed and downstream of
thnC, two additional genes potentially coding for a ferredoxin
and a ferredoxin reductase were designated thnA3 and thnA4,
respectively. The thnA3 gene apparently codes for a Rieske-
type ferredoxin of 104 residues, which showed strict conserva-
tion of the Cys and His residues coordinating the irons of
[2Fe-2S]. It had the highest similarities to DbtAb of Burkhold-
eria sp. strain DBT1 (accession no. AF404408) (51% identity);
BphA3 on plasmid pNL1 of Sphingomonas aromaticivorans
(19) (50% identity); PhnR of Sphingomonas chungbukensis
strain DJ77 (accession no. AF061802) (48.5% identity), which
presumably is involved in phenanthrene degradation; and
NsaA3, involved in degradation of naphthalene sulfonate in
Sphingomonas sp. strain BN6 (accession no. U65001.3) (50%
identity), with which it constituted a distinctive branch of ferre-
doxins. Interestingly, the gene arrangements of the most sim-
ilar ferredoxins are the same: they are located just downstream
of genes coding for extradiol dioxygenases, very similar to
ThnC, the extradiol dioxygenase of the tetralin biodegradation
pathway (2), which suggests that these ferredoxins and extra-
diol dioxygenases have common origins and evolved together.

Sequence analysis of ThnA4 showed high similarity to ferre-
doxin reductases bearing a binding domain for a [2Fe-2S] cen-
ter coordinated by four cysteines in addition to the NAD� and
the FAD binding domains. These domains were also conserved
in ThnA4, thus suggesting that the ring-hydroxylating dioxyge-
nase involved in tetralin biodegradation is a class III dioxyge-
nase (3). However, ThnA4 had the highest similarity to reduc-
tases of multicomponent toluene or phenol monooxygenases
(up to 45% identity). Taken together, these data suggest that
components of the electron transfer system of different origins
can be recruited to functionally supply electrons to terminal
oxygenases, which, in turn, may have a different evolutionary
origin.

In the intervening region between thnC and thnD, a fifth
open reading frame translated in the same direction as thnD
was identified and designated thnB, since its putative gene
product showed homology to known cis-dihydrodiol dehydro-
genases of aromatic compound catabolic pathways. The simi-
larity was highest (65% identity) to PhnB of Burkholderia sp.
strain RP007, which is involved in phenanthrene degradation
(14).

Since no mutant of the previously obtained collection had an
insertion located in thnA2, a new insertion mutant was con-
structed. To this end, the plasmid pIZ673, with a 5.1-kb frag-

ment comprising thn�DEFA1A2 and sequences downstream
plus a KIXX cassette (from pUC4-KIXX; Pharmacia) (10)
located in the 69th codon of thnA2, was used to electrotrans-
form strain TFA in a BTX Electro cell manipulator 600 (Bio-
technologies & Experimental Research, Inc., San Diego, Cal-
if.) at 2.5 kV and 246 �. Transformants that had acquired the
insertion by recombination with homologous sequences in the
plasmid (5 � 105 �g of plasmid	1) were isolated as previously
described (10). The locations of the KIXX insertions in these
transformants were confirmed by Southern hybridization, and
one transformant, designated K9, was selected for further
characterization. Out of the five insertion mutants (Fig. 1), K3,
K5, K8, and K9 were unable to grow with tetralin as the only
carbon and energy source, thus suggesting that thnA1, thnA2,
thnA3, and thnB were strictly required for tetralin utilization.
On the other hand, growth of mutant K2 on tetralin was re-
duced to 31% of that of wild-type TFA. The growth phenotype
suggested that thnA4 was also involved in tetralin utilization,
although it was not strictly required.

Mutant K5 was grown in minimal medium containing 8 mM
�-hydroxybutyrate and tetralin provided in the gas phase, a
condition that allows growth of Thn	 mutants and expression
of thn genes (2, 8). In an attempt to detect any metabolite
accumulated during growth, the supernatant was analyzed by
high-performance liquid chromatography (HPLC) with an HP
1100 series chromatograph (Hewlett Packard, Waldbronn,

FIG. 1. Representation of the genomic region of strain TFA in-
volved in tetralin biodegradation. Genes identified in this work are
shaded. The locations of the restriction sites where the cassette KIXX
was inserted in the mutants are also shown.

FIG. 2. (A) HPLC chromatogram of the culture medium after
growth of the KIXX::thnB insertion mutant on 8 mM �-hydroxybu-
tyrate and tetralin as carbon sources. The arrow points out the peak
detected after growth of the mutant. (B) HPLC chromatogram of the
same culture medium after acidification up to pH 2.2.
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Germany) equipped with a diode array detector and using a
Hewlett Packard reversed-phase column (ODS Hypersil; 5
�m, 250 by 2 mm). The separation method involved a gradient
from 40 to 100% acetonitrile in water for 15 min at a flow rate
of 0.2 ml min	1. A compound that eluted at min 4.7, which was
not detected in cultures of wild-type TFA, was very evident in
cultures of mutant K5 (Fig. 2A). The supernatant was acidified
and further analyzed by HPLC. Under similar separation con-
ditions, the peak eluting at min 4.7 was no longer detected, and
two new peaks appeared at 9.9 and 10.4 min, which were not
detected in supernatants of wild-type TFA treated in the same
way (Fig. 2B). The remaining peaks were also detected in
supernatants of wild-type TFA and are presumably due to
medium composition or to an unrelated metabolite excreted by
the cells (data not shown). With commercially available 1-hy-
droxy-5,6,7,8-tetrahydronaphthalene (1HT) and 2-hydroxy-
5,6,7,8-tetrahydronaphthalene (2HT) as standards (Sigma
Chemical Co., St. Louis, Mo.), 2HT eluted exactly at the same
time and had the same absorption spectrum as compound 1,
while characteristics of 1HT fully matched those of compound
2 (data not shown). Since dihydrodiols are known to be unsta-
ble under acidic conditions and to be transformed in a mixture
of the rearomatized monohydroxylated derivatives (5, 23), ac-
cumulation of 1HT and 2HT by acidification suggested that the
metabolite that accumulated in the ThnB mutant was the di-
hydrodiol derivative of tetralin 1,2-dihydroxy-1,2,5,6,7,8-hexa-

hydronaphthalene and, therefore, that ThnB catalyzes the
dehydrogenation reaction, leading to production of 1,2-dihy-
droxytetralin (see Fig. 5).

After growth in minimal medium containing 8 mM �-hy-
droxybutyrate and tetralin, dioxygenase activity was tested in
the wild type and thnA mutants by monitoring the capacity to
transform indole to ultimately yield indigo (18) in a resting cell
assay. Wild-type TFA accumulated indigo at a rate of 603 nM
min	1. The thnA1, thnA2, and thnA3 insertion mutants did not
accumulate indigo at all, thus suggesting that these mutants
lacked any detectable dioxygenase activity. Interestingly, the
mutant with mutation in thnA4 did accumulate indigo at a rate
55% of that of wild-type TFA. This result suggested that
ThnA4 is not strictly required, although it contributes to max-
imal dioxygenase activity. The slight reduction in dioxygenase
activity of the thnA4 mutant was sufficient to result in an
evident reduction in growth rate with tetralin as the only car-
bon and energy source, thus suggesting that the first reaction
may be a rate-limiting step in the tetralin biodegradation path-
way.

To directly confirm the role of ThnA gene products in the
initial dioxygenation of tetralin, the function of these products
was tested in a genetic background lacking all other known thn
genes by monitoring production of 1HT and 2HT from tetralin.
To this end, different combinations of thnA genes were assem-
bled in the broad-host-range vector pIZ1016, a derivative of
pBBR1MCS-5 (13) constructed by cloning an NcoI-Sall frag-
ment bearing the tac promoter and lacIq from pMM40 (16),
which drives transcription of downstream genes in response to
isopropyl-�-D-thiogalactopyranoside (IPTG) (Fig. 3A). A mu-
tant derivative bearing a deletion of all known thn genes was
also constructed. To this end, plasmid pIZ690, bearing a KIXX
cassette flanked by DNA fragments from TFA that are outside
of the thn cluster, was constructed (Fig. 3B). Transformation of
strain TFA with pIZ690 resulted in isolation of the kanamycin-

FIG. 3. (A) Schematic representation of thnA genes cloned in
pIZ1016. (B) Scheme of plasmid pIZ690 showing recombination with
homologous genomic regions of strain TFA to produce the 12.2-kb
deletion covering the thn genes, which resulted in strain T-690.

FIG. 4. Tetralin dioxygenase activity of Sphingomonas macrogolita-
bida T-690 bearing the plasmid pIZ683 (thnA1A2; Œ), pIZ685
(thnA1A2A3; F), or pIZ693 (thnA1A2A3A4; ■). Gene expression was
induced by addition of 1 mM IPTG.
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resistant strain T-690, which had a 12.2-kb deletion covering all
identified thn genes, as confirmed by Southern hybridization
(data not shown). Each pIZ1016 derivative bearing different
thnA genes was transferred to the mutant T-690 by triparental
matings with plasmid pRK2013 (6) as a donor of transfer
functions.

Production of 2-HT from tetralin by the resulting transcon-
jugants was tested after induction with IPTG in a resting cell
assay. To this end, induced transconjugants were concentrated
to an optical density at 600 nm of 4 in 10 ml of minimal
medium. After addition of 300 �M tetralin, samples of the
supernatant at different time points were acidified, and the
concentration of 2-HT was determined by HPLC from the area
of the corresponding peak, by using a conversion coefficient at

282 of 8.4 milli-absorbance units (mAU) � s �M	1, previously
calculated with commercially available 2-HT. As shown in Fig.
4, strain T-690 producing only the components of the terminal
oxygenase from pIZ683 did not produce 2-HT. When the
ferredoxin ThnA3 was also present in T-690(pIZ685), signifi-
cant production of 2-HT was observed. However, maximal
2-HT production was observed only when the four ThnA prod-
ucts were synthesized from pIZ693. These data confirm the
strict requirement of ThnA1A2A3 for tetralin dioxygenase ac-
tivity and, together with the characteristics of the ThnA4 mu-
tant, show direct involvement of this reductase in the activity.
The fact the ThnA4 is partially dispensable may be explained
by functional complementation with other reductases of the
host cell. Similar results have been reported for different mul-
ticomponent ring-hydroxylating dioxygenases (4, 14, 15, 24),
which further supports the view that functional electron trans-
port systems to the terminal oxidase can be reconstituted with
components from different origins.

The results presented in this report allowed structural and
functional characterization of the genes involved in the first
two steps of tetralin biodegradation by Sphingomonas macro-
golitabida strain TFA, leading to formation of an intermediate
with a catecholic structure, 1,2-dihydroxytetralin (Fig. 5),
whose metabolization through extradiol cleavage was reported
previously (2, 8, 9), thus extending the characterization of the
degradation pathway of this organic solvent.

Nucleotide sequence accession number. The nucleotide se-
quence reported here has been submitted to the DDBJ,
EMBL, and GenBank nucleotide sequence databases and an-
notated as updates of the sequence under accession no.
AF157565.
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