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phenanthrene, and m-xylene degradation by Sphingomonas
yanoikuyae B1
E Kim*2 and GJ Zylstra?

1Department of Biology, Yonsei University, Seoul, South Korea, 2Biotechnology Center for Agriculture and the
Environment, Cook College, Rutgers University, New Brunswick, New Jersey 08901-8520, USA

Sphingomonas yanoikuyae BL1 is able to utilize toluene, m-xylene, p-xylene, biphenyl, naphthalene, phenanthrene,
and anthracene as sole sources of carbon and energy for growth. A forty kilobase region of DNA containing most

of the genes for the degradation of these aromatic compounds was previously cloned and sequenced. Insertional
inactivation of bphC results in the inability of B1 to grow on both polycyclic and monocyclic compounds. Comp-
lementation experiments indicate that the metabolic block is actually due to a polar effect on the expression of

bphA3, coding for a ferredoxin component of a dioxygenase. Lack of the ferredoxin results in a nonfunctional poly-

cyclic aromatic hydrocarbon dioxygenase and a nonfunctional toluate dioxygenase indicating that the electron trans-

fer components are capable of interacting with multiple oxygenase components. Insertional inactivation of a gene

for a dioxygenase oxygenase component downstream of bphA3 had no apparent effect on growth besides a polar
effect on nahD which is only needed for growth of B1 on naphthalene. Insertional inactivation of either XylE or xylG
in the meta-cleavage operon results in a polar effect on bphB, the last gene in the operon. However, insertional
inactivation of xylX at the beginning of this cluster of genes does not result in a polar effect suggesting that the

genes for the meta-cleavage pathway, although colinear, are organized in at least two operons. These experiments
confirm the biological role of several genes involved in metabolism of aromatic compounds by S. yanoikuyae B1
and demonstrate the interdependency of the metabolic pathways for polycyclic and monocyclic aromatic hydro-

carbon degradation.
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Introduction steps in degradation of the polycyclic aromatic compounds.

An initial dioxygenase attack results in the formation of a
is-dihydrodiol. Although the initial dioxygenase froi@.
anoikuyaeB1 has not been purified, analogous enzymes

Sphingomonas yanoikuy#& is able to utilize a wide var-
iety of aromatic hydrocarbons as carbon and energ

iseosurs(;f;h-rl?tulst?l;'??:élsgégig%lng%i?]alé?ﬁ@o”r? ;'ngﬁgﬁ(ic'a e from other microorganisms consist of three components: a
9 y Y reductase, a ferredoxin, and a dioxygenase comprised of a

28], was originally isolated for its ability to utilize biphe- ; . L
Lyl]as a cark?on sgurce [22]. The organ)i/sm is able tg groV\I/arge and small subunit [13,23]. Following t_he initial (_j|oxy—
on several additional polycyclic aromatic hydrocarbons genase attack a dghydrogenase rearomatizes th? ring struc-
ncuing. naphihalene, phenaniivene, and amivacedf® % 077 2 SIVGrOvied ol St e
[1,22,25], as well as the monocyclic aromatic hydrocarbons X

) . - “Strate ranges and th& yanoikuyad®1 is capable of meta-
toluene, m-, and p-xylene [39]. Metabolism of polycyclic bolizing a wide range of polycyclic compounds through the
or monocyclic aromatic compounds is coinduced by growth . . : ;
on either class of substrate [31,38,39]. Once the catabolighd cleavage step. Following ring cleavage metabolism of

pathways are induced the organism is capable of oxidizin 'menyl prtc))clgeeds fthrour?r;] ? hydrolase dto fr:)rm t%enzo_ate
a wide range of aromatic compounds including dibenzofu- lle metabolism of naphthalene proceeds through an iso-
ran [4], dibenzothiophene [36], acenaphthene [44] acenerase, a hydratase-aldolase, a dehydrogenase, and salicy-
aphthyfene [44], carbazole [4’2] dibenpesioxin [3’4] late hydroxylase to form catechol [5,10,11]. Phenanthrene

benz@)anthracene [21,26,38], bemypyrene [21], 3- is metabolized by a similar pathway [15]. The metabolism

methylcholanthrene [29]. 6,7—dihydro—5H—benzocycIohep—0f monocyclic aromatic compounds proceeds via a TOL

tene [41], and 1,2-dihydronaphthalene [12]. Metabolism ofPlasmid-type pathway (Figure 1) involving successive oxi-

X dation of the methyl group [39]. The ‘upper’ catabolic path-
S;ﬁ’gﬁggli’ S t?%ﬂgﬁftlgr;% nggn;‘sntsmrgxﬁ’i ntlgligirr]:,l ?g Omﬁays for monocyclic and polycyclic aromatic compounds
' intersect at a ‘lowermetacleavage pathway, presumably

mon set of enzymes is responsible for the initial metabolicwith metabolic reactions similar to those found in the TOL
plasmid pathway [2,47,48] and shown in Figure 1.

Correspondence: GJ Zylstra, Biotechnology Center for Agriculture and, We previously reported on the cloning and nucleotide
the Environment, Foran HaII’, 59 Dudley Road, Cook College, RutgersSequence of two ge_nes COdmg fme_tadeav,age dloxy'
University, New Brunswick, NJ 08901-8520, USA genases frons. yanoikuyad31 [31]. Biochemical charac-
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ified one as 2,3-dihydroxybiphenyl 1,2-dioxygenaseplate lid. Polycyclic aromatic hydrocarbon substrates were
(encoded by théphCgene) and the other as catechol 2,3-added to broth cultures as crystals while monocyclic aro-
dioxygenase (encoded by thglE gene). The two genes matic hydrocarbons were added to the culture medium in
are contained on the same cosmid clone (pGJZ1510), aboat glass bulb suspended above the medium. L-broth [37]
seven kilobases apart, and are diametrically transcribedvas used as complete medium. Solid MSB or L medium
The nucleotide sequence of a 40-kbp region arobpdC  contained 2% agar. Ampicillin, kanamycin, and tetracycline
and xylE was determined with the concomitant identifi- were added to the culture medium when needed at 100, 50,
cation of a number of genes involved in polycyclic andand 15ug ml™, respectivelyS. yanoikuyad1 was grown
monocyclic aromatic hydrocarbon degradation [51]. Theat 3®°C while E. coli were routinely cultured at 3T.
current paper presents biochemical and biological data o@omplementation tests of thpdxA mutation in E. coli

the function of genes located in the two putative operonsCGSC 5630 [6] were performed with MSB medium with
containingbphC and xylE (Figure 2). Preliminary reports and without pyridoxine HCI (ug mI™?). The medium used

of this work have appeared elsewhere [30,32,33]. for this purpose was MSB agar containing glucose
(50 mg mit), r-glutamine (10Qug mi™), t-isoleucine
(20 g mi), L-leucine (20ug ml™), L-proline (30ug ml),
L-threonine (8Qug ml™), r-valine (40ug mi), and thia-
Bacterial strains, plasmids, and media mine HCI (1ug mi?). E. coli CGSC 5630 (pGEM3Z) was

S. yanoikuyad3l is the wild-type strain which is capable used as a negative control.

of growth on biphenyl, naphthalene, phenanthrene, toluene,

m-, and p-xylene [22]. S. yanoikuyaeB8/36 was derived Molecular techniques

from B1 by chemical mutagenesis and lacisdihydrodiol ~ Plasmid DNA was isolated by the alkaline-sodium dodecyl
dehydrogenase activity [22P. putidaPPO200 is. putida  sulfate technique [3] or by the QIAprep spin column pro-
mt-2 [47] cured of the TOL plasmid [52E. coli DH5«  cedure (Qiagen, Chatsworth, CA, USA). Restriction
(F ¢80dlaczZAM15 A(laczY-arghU169 deoR recAl digests, ligations, and transformation inkb coli DH5«
endAl hsdR1FK-,mK") supE44 thi-1 gyrA96 relAl competent cells were performed as recommended by the
Gibco-BRL, Gaithersburg, MD, USA) was used as thesupplier (Bethesda Research Laboratories, Gaithersburg,
recipient strain in all of the cloning experiments. The MD, USA). Agarose gel electrophoresis was performed in
pGEM series of cloning vectors (Promega, Madison, WI,40 mM Tris, 20 mM acetate, 2 mM EDTA buffer. Southern
USA) were utilized to construct subclones for DNA hybridizations were performed as recommended by the
sequencing. The cloning vector pRK415 [27] was used taylon membrane supplier (Bio-Rad Laboratories, Rockville
construct the plasmids for mutant complementation experiCenter, NY, USA). DNA restriction fragments were iso-
ments. The helper plasmid pRK2013 was used in triparentdated from agarose gels using the procedure of Vogelstein
mating experiments to mobilize the pRK415-based clonesand Gillespie [46]. DNA fragments were labeled by the
into the S. yanoikuyad31 mutants as described previously random priming method of Feinberg and Vogelstein [16].
[9]. The cosmid clone pGJZ1510 [31] is the source of DNA

for the subclones. Minimal medium (MSB) [45] used for Generation and characterization of insertional

the metabolite accumulation experiments or transconjugarknockout mutants

selection was supplemented with 20 mM sodium succinaténsertional knockout mutants were constructed by replacing
when needed. Screening for growth on plates waghe wild-type DNA with DNA that has a kanamycin resist-
accomplished by adding biphenyl and naphthalene as crysnce gene insertion. This was accomplished by taking
tals to the plate lids, spraying the surface of the agar wittadvantage of the inherent instability of pRK415. A kanamy-
an ethereal solution of phenanthrene, or by adding toluenein resistance gene cassette was inserted into a convenient
m-, or p-xylene to cotton-stoppered small glass vials in therestriction site in a DNA fragment. The DNA fragment was

Materials and methods
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Figure 2 Nucleotide sequence cartoon of the 23-kb gene cluster showing the locations of the genes for biphenyl, naphthalene, phenantfrene, anc
xylene degradation described in this paper [51]. Each tick mark represents one kilobase pair.
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then cloned into pRK415 and mobilized info yanoikuyae metabolism byS. yanoikuyad81. A kanamycin resistance
B1 by triparental mating. Transconjugants were selected focassette was cloned into tBedR| site inbphCand inserted
kanamycin and tetracycline resistance on MSB succinatey homologous recombination into the genome %f
plates. The cells were then cultured overnight in MSB sucyanoikuyaeB1 as described in Materials and Methods. The
cinate broth without antibiotics. An aliquot of the culture resulting strain, EK385, not only lost the ability to grow
was plated on MSB succinate plates containing kanamycion the polycyclic aromatic hydrocarbons biphenyl, naphtha-
and 1.0 ml of the broth culture was subcultured into 5 mllene, and phenanthrene but also lost the ability to grow on
of fresh medium without antibiotics. This procedure wasthe monocyclic compounds-xylene andn-toluate as well.
repeated until colonies were obtained which were kanamyNo accumulating metabolic pathway intermediates were
cin-resistant but tetracycline-sensitive. This process genedetected in the culture supernatants when EK385 was
ally took 3-5 days. The insertional mutants were analyzedjrown on succinate in the presence of biphenyl, naphtha-
by Southern blotting to verify that a double reciprocal lene, or phenanthrene. Since a dihydroxylated compound
recombination event actually did occur and that the originalwould be expected to accumulate withbphC mutation,
chromosomal DNA had been replaced with the kanamycirthis result suggests that the kanamycin gene insertion in
resistance gene. HPLC analysis of culture supernatants f@&K385 resulted in a polar phenotype and that a gene for one
accumulating metabolites was performed with a Beckmaror more of the initial dioxygenase components is present
System Gold HPLC (Fullerton, CA, USA) fitted with a downstream obphC This result was confirmed by the fact
reverse phase pm C18 column (4.6 mnx 25 cm) with  that EK385 was no longer able to oxidize indole to indigo,
diode array spectral detection using a gradient of 50—-100% trait known to be associated with ring hydroxylating
methanol in water (1 ml miR). Acetic acid (1%) was dioxygenase enzymes [14]. EK385 grown on succinate in
added to the mobile phase for the detectionpebluate. the presence ofntxylene accumulatesn-toluate (HPLC
The identity of all accumulating metabolites was confirmedretention time 9.5 min) in the culture medium. This result,
by comparing retention time and UV/Vis spectrum with along with the fact that EK385 does not grow wrtoluate,
those of authentic standards. indicates that one or more of the genes responsible for tolu-
The pRK415-based clones for construction of the inserate dioxygenase are located downstreanbmiC
tional knockout mutants were made as follows. Strain A clone, designated pGJZ1553, containing a 7.5-kb
EK121 was constructed by inserting a kanamycin resistancBamHI fragment in the vector pRK415 is able to restore
gene from pUC4-KIXX (Pharmacia, Uppsala, Sweden) aghe ability of EK385 to grow on biphenyl, naphthalene,
a Sma fragment into theEcoRV site in xylE on a 4.4- phenanthrenen-xylene, andm-toluate (Figure 3). Smaller
kb Xbd-Sst fragment. Strain EK385 was constructed by clones containing eithebphC and bphA3 (pGJZ1554) or
inserting a kanamycin resistance gene from minbKm1  only bphA3 (pGJZ1555) are able to restore the ability of
[7] into the EcaRlI site inbphCon a 2.3-kbSst-Kpnl frag-  EK385 to grow on biphenyl, phenanthrene (slower than
ment. Strain EK504 was constructed by inserting a kanamynormal growth) m-xylene, andn-toluate but did not restore
cin resistance gene from pUC4-KIXX into tigglll site in  the ability to grow on naphthalene. These data indicate that
bphAlcon a 7.5-kbBanHl fragment. Strain EK533 was bphA3 coding for a ferredoxin component of an aromatic
constructed by inserting a kanamycin resistance gene frordioxygenase, is required for growth on both polycyclic and
mini-Tn5Km1 into the BanHI site in xylX on a 6.8-kb  monocyclic aromatic compounds. The data also indicate
Bglll-Xba fragment. The transcriptional direction of the that XylE can take the place of BphC. Since the EK385
kanamycin resistance gene in all constructs is opposite thahutant is polar, the data indicate threthD andbphAlcA2c

of the gene into which it was inserted. are not needed for growth on biphenyl, phenanthreme,
xylene, andm-toluate but one or both are required for
Chemicals growth on naphthalene.

All organics were purchased from Aldrich Chemical Com- A new insertional knockout mutation was constructed in
pany, Milwaukee, WI, USA, and were of the highest purity order to determine the roles diphAlcA2cand nahD in
available. cis-2,3-biphenyl dihydrodiol was synthesized degradation of aromatic compounds 8y yanoikuyad31.
from biphenyl using the mutant B8/36 following standard A kanamycin resistance cassette was cloned intcBid
procedures [22]. site in bphAlc and reinserted into the genome &
yanoikuyaeB1 as described in Materials and Methods. The
resultant mutant strain, designated EK504, is not able to

Results grow on naphthalene but is able to grow on biphenyl, phen-
Role of operon one in polycyclic and monocyclic anthrenem-xylene, andm-toluate. Analysis of the culture
aromatic hydrocarbon degradation supernatant of EK504 following growth on succinate in the

The previously identifiedphC [31] is the first gene in a presence of naphthalene revealed the accumulation of a
putative operon of at least five genes (Figure 2). Analysicompound with an absorption spectrum identical to that
of the nucleotide sequence [51] suggests that the genes copeeviously published [11] fotrans-o-hydroxybenzylidene-

for a dioxygenase ferredoxin componebpfA3, a dioxy-  pyruvic acid (Figure 4). Although aahD mutation would
genase terminal oxygenase large and small subunlie expected to accumulate 2-hydroxy-chromene-2-car-
(bphAlcAl), and 2-hydroxychromene-2-carboxylate iso- boxylate (see Figure 1), it has previously been shown by
merase 1tahD). An insertional knockout mutation was Eaton and Chapman [11] that this compound is slowly
made in order to determine whether these genes are indesgdontaneously converted twans-o-hydroxybenzylidene-
operonic and to verify the role of the genes in aromaticpyruvic acid and would be the expected detected compound
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Figure 3 Complementation of the polar insertion mutation EK385. The arrows indicate the direction of transcription fréam firemoter on the
vector (pRK415). The double line in the pGJZ1510 restriction map is the vector (pHC79). The insertion point for the kanamycin resistance gene in t
B1 mutant EK385 is shown for reference. Abbreviations: Bph, biphenyl; miylene; mTol,mtoluate; Nap, naphthalene; Phe, phenanthrene.
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Figure 4 Accumulation of 2-hydroxy-chromene-2-carboxylate (chemically converteéts-o-hydroxybenzylidenepyruvic acid) by the polar insertion

mutant EK504. The double line in the pGJZ1510 restriction map is the vector (pHC79). The insertion point for the kanamycin resistance gene in tl
B1 mutant EK504 is shown for reference.

in culture supernatants ofreahD mutation. Since the only Role of operon two in polycyclic and monocyclic
detectable effect of the insertion mutation in EK504 wasaromatic hydrocarbon degradation

to produce a polar mutational effect arahD this means A second putative operon containing genes involved in aro-
that loss ofophAlc(the point of insertion of the kanamycin matic metabolism is present adjacent to the one discussed
resistance gene) does not have any effect on the metabolisabove. Analysis of the nucleotide sequence (Figure 2) sug-
of the tested aromatic compounds. gests that the genes code for the oxygenase component of
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toluate dioxygenasexylXY), a protein with similarity to genome ofS. yanoikuyad1 as described in Materials and
PdxA of E. coli (orf2), an oxygenase component of anotherMethods. The resulting mutant strain, EK533, accumulates
dioxygenase HphAldA2y a glutathione S-transferase mtoluate (HPLC retention time 9.5 min) fromm-xylene
(bphK), a meta-cleavage pathwayy(FEGJQKIHT), ben- indicating thatxylX does actually encode a subunit of the
zaldehyde dehydrogenasgylC), and acis-2,3-biphenyl oxygenase component of toluate dioxygenase. Unexpec-
dihydrodiol dehydrogenaséghB. ThexylE gene was pre- tedly, EK533 (unlike EK3 and EK121) grows on biphenyl
viously located through a transposon insertion immediatelyand naphthalene suggesting that the kanamycin gene inser-
adjacent to and downstream of this gene [31]. This transpaion does not exert a polar effect on the putative operon or
son mutant strain, EK3, is unable to grow amxylene, that there is a second promoter downstream. EK533 is able
biphenyl, or naphthalene. Additionally, EK3 accumulatesto grow on toluene, but this is expected due to the fact that
cis-2,3-biphenyl dihydrodiol (HPLC retention time 27.2 toluene can be metabolized via tbegho-cleavage pathway
min) when grown on succinate in the presence of biphenylalso present in this strain.
This is the expected phenotype dbphBmutation and thus Experiments to assign functions bphAldA2dand orf2
suggests that the transposon insertion in EK3 exerts a polavere inconclusive. Sincerf2 shows similarity toE. coli
effect and thatophB is downstream okylE. In order to  pdxA (involved in pyridoxine synthesis), complementation
confirm this suspected gene organization, an insertionaxperiments were performed to determine if the encoded
knockout mutation oikylE was constructed. A kanamycin protein performed a similar enzymatic reaction. A 2.4-kb
resistance gene cassette was cloned intdetwRV site in - Pst restriction fragment containing the putatipexAgene
the xylE gene and reinserted into the genome as describedas subcloned from pGJZ1510 into pGEM3Z in both
in Materials and Methods. The resulting mutant strain,orientations. The two clones were transformed into the
EK121, has the same phenotype as the transposon mutgodxA E. coliCGSC 5630 and examined for their ability
strain EK3: it is not able to grow om-xylene, biphenyl, or to grow with and without pyridoxine. Th@st fragment
naphthalene and accumulateis-2,3-biphenyl dihydrodiol containing thepdxAgene was not able to complement the
from biphenyl. A 22.5-kbHindlll fragment cloned into inability of CGSC 5630 to grow without pyridoxine added
pRK415 is able to restore the ability of EK3 and EK121 to the culture medium. This suggests tlmaf2 does not
to grow onm-xylene and biphenyl and the ability of B8/36 encode a protein with PdxA activity. The putative oxy-
(a bphB mutant [22]) to grow on biphenyl (Figure 5). In genase genebphAldA2dimmediately followingorf2 also
addition, a 4.8-kbPst-Sst and a 1.1-kbPst-EcoRI frag-  have no apparent function, assuming that the kanamycin
ment can restore the ability of B8/36 to grow on biphenylgene insertion inxylX in EK533 has polar effects on
(Figure 5). This verifies the role of the sequendgxhBin bphA1dA2d Additionally, deletion ofbphAldA2dhas no
the second step of polycyclic aromatic hydrocarbon degraeffect on the ability to oxidize biphenyl or naphthalene
dation and demonstrates that it is in the same operon gslata not shown).
xylE.

In order to verify the function of thenetacleavage path- Discussion
way, pGJZ1550 containing the 22.5-indlll fragment
(Figure 5) was moved intB. putidaPP0O200. The resulting S. yanoikuyad1 has the ability to utilize both monocyclic
strain is able to grow slowly om-toluate, indicating that and polycyclic aromatic hydrocarbons as carbon and energy
this DNA encodes thenetacleavage pathway. In addition, sources for growth. This catabolic ability seems to be a
an insertional knockout mutant was constructed to confirmcommon and unique trait of the aromatic hydrocarbon-
the function ofxylX. A kanamycin resistance cassette wasdegradingSphingomonasgyenus [17,18,20,28]. Based on
cloned into theBanH]I site of xylX and reinserted into the what is known about the genetics of aromatic hydrocarbon
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Figure 5 Location ofbphBdownstream okylE. EK121 has the same complementation phenotype as EK3. The double line in the pGJZ1510 restriction
map is the vector (pHC79). The arrows next to the subclones indicate the direction of transcription flamptmmoter on the vector (pRK415). The
insertion point for the kanamycin resistance gene in the B1 mutants EK3 and EK121 is shown for reference.
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degradation in related organisms fseudomonaspecies The nucleotide sequence and the functional biological
[2,49,50]), one might expect the genes for aromatic hydrodata presented here have implications for the evolution of
carbon degradation 5. yanoikuyaeB1l to be organized enzymes as well. An insertional knockout mutantophC

into operons based on catabolic segments. For instance, olK385) has an initially unexpected phenotype: the
operon might contain those genes required for conversiomability to grow onm-xylene, mtoluate, biphenyl, naph-

of polycyclic aromatic hydrocarbons to simple aromaticthalene, and phenanthrene. The inability to grow on the
acids (similar to thebph operon [19] or the uppenah  polycyclic compounds was an expected phenotype due to
operon [8,49]), a second operon might contain those gendbe fact that the insertion would have a polar effect on
required for conversion of monocyclic aromatic compoundsbphA3 encoding a ferredoxin needed for the initial dioxy-
to aromatic acids (similar to the uppeyl operon [2]), and genase. Indeed, this mutant does not initiate the degradation
a third operon might contain those genes required for conef polycyclic compounds and no longer produces indigo
version of aromatic acids to tricarboxilic acid cycle inter- from indole, indicative of dioxygenase activity [14]. The
mediates (similar to the lowexyl operon [2]). However, inability of EK385 to grow onm-xylene andm-toluate was
this does not seem to be the case $oryanoikuyad3l. In  unexpected following simple inspection of the nucleotide
the process of evolving the capability to degrade a widesequence of this operon (Figure 2). Growth of EK385 on
variety of aromatic hydrocarbons this organism hassuccinate in the presencerfxylene results in the accumu-
recruited, modified, and reorganized the appropriate gendation of m-toluate. Introduction of a plasmid containing
and operons needed to construct the required catabolignly bphA3into EK385 (Figure 3) results in the restoration
pathways. The first operon reported here is a prime examplef the ability of this mutant strain to grow on batikxylene

of this reorganization process. This operon (Figure 2) conandmtoluate. These data indicate that toluate dioxygenase
tains the genes that encode 2,3-dihydroxybiphenyl 1,2requires the ferredoxin encoded HpphA3 for activity.
dioxygenase lphQ), a ferredoxin kphA3, an oxygenase Toluate dioxygenase [24], and the related enzyme benzoate
large subunit of unknown functiorbphA1cA2y, and 2-  dioxygenase [40], are enzymes that consist of two compo-
hydroxychromene-2-carboxylate isomerasehD). This  nents: a reductase (product of tkglZ gene) and an oxy-
operon thus contains some but not all of the genes needegknase consisting of a large and small subunit (products of
for an ‘upper’ pathway for the conversion of polycyclic thexylXYgenes). The reductase functions as a simple elec-
aromatic hydrocarbons to aromatic acids. The recruitmentron transport protein, transferring electrons from NADH
of nahD into this operon represents a significant event into the oxygenase. The reduced oxygenase component then
the evolution of this catabolic pathway. The first threeperforms the actual enzymatic transformation of the aro-
enzymes in the polycyclic aromatic hydrocarbon pathwaymatic acid to the correspondingjs-dihydrodiol. The fact
(the initial aromatic oxygenase, theis-dihydrodiol that a ferredoxin encoded thyphA3is required for toluate
dehydrogenase, and the 2,3-dihydroxybiphenyl 1,2-dioxydioxygenase activity indicates that toluate dioxygenase in
genase [22,35,38]) have broad substrate ranges and c&nyanoikuya®1 consists of three components: a reductase,
metabolize biphenyl, naphthalene, and phenanthrene to tteferredoxin, and an oxygenase. The reductase and ferre-
appropriate ring-cleavage products. However, at this pointloxin in S. yanoikuyaeB1 take the place of the single
the catabolic pathways for the three polycyclic aromaticbifunctional reductase found in other organisms. Data dis-
hydrocarbon substrates diverge (Figure 1). Continueadussed below also suggest ttf&tyanoikuyad3l has lost
degradation of naphthalene past the ring-cleavage stepylZ which normally would encode such a reductase. The
requires 2-hydroxychromene-2-carboxylate isomerase anobservation that a three-component oxygenase is involved
trans-o-hydroxybenzylidene-pyruvate hydratase-aldolasein aromatic acid metabolism 8. yanoikuyaeB1l is not
The gene fahD) for the former enzyme is present in the without precedence as Romanov and Hausinger showed
first operon while the gene for the latter enzynmal{E) that ortho-halobenzoate 1,2-dioxygenase frdPn aerugi-

has been located elsewhere [51]. A polar insertion mutatiomosa 142 is a three-component enzyme [43]. However, in
(EK504) that no longer produces 2-hydroxychromene-2the present work the data indicate that the ferredoxin enco-
carboxylate isomerase can not grow on naphthalene but cated by bphA3 plays a dual role: as an electron transfer
still utilize biphenyl and phenanthrene as carbon sourcesomponent of both toluate dioxygenase and a broad sub-
for growth (Figure 4). However, growth on phenanthrenestrate range biphenyl/naphthalene/phenanthrene dioxy-
is slower than normal indicating thaahDis necessary but genase.

not required for growth. EK504 accumulate#ans-o-hyd- The second operon reported in the present paper also has
roxybenzylidenepyruvic acid when grown on succinate inimplications for the recruitment, modification, and
the presence of naphthalene (Figure 4), verifying the identreorganization of genes and operons for aromatic hydro-
ity of nahD at both the enzymatic function and DNA carbon degradation. This operon is highly reminiscent of
sequence homology level. The kanamycin resistance gertbe ‘lower’ TOL plasmid operon for the catabolism of aro-
insertion in EK504 is inbphAl¢ immediately upstream matic acids to pyruvate and acetaldehyde that is found in
from nahD (Figure 4). The fact that this insertion mutant P. putida However, there are significant differences
has no apparent phenotype besides the polar effecab®  between these two operons. The ‘lower’ moetacleavage
gene expression leads to three possible conclusion§:OL plasmidxyl operon is organized with the genes in the
bphAlcmay be a pseudogene with no biological function,order xyIXYZLTEGFJQKIH(see Figure 1 for an expla-
other oxygenases may be present with overlapping speciration of which enzymes are encoded by each of these
ficity, or, more likely, bphAlc may encode an enzyme genes). The enzymes encoded by the analogous geises in
whose function has not yet been discovered. yanoikuyaeB1 are related at the level of 60—80% similarity.
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However, three major differences are immediately apparent?
in the gene organizatiois. yanoikuya®1 does not contain
thexylZ or xyIL genes in this operon. These genes are adjac-
ent to each other in the TOL plasmid operon and thus their
lack in S. yanoikuyad31 may be due to a single deletion
event. The fact thaxylZ is missing is not surprising since 4
evidence presented above indicates that the toluate oxyy
genase reductase normally encodedXyZ in the TOL
plasmid is not needed b$. yanoikuyad31l. However, the
loss of xylL is significant since the product of this gene,
toluate cis-dihydrodiol dehydrogenase, is absolutely
required for the catabolism of aromatic acids. This gene’
has been located elsewhere in the genome [51] but the
rationale for why it has been removed from this operon
remains unexplained. Four new genexrfZ, bphAld
bphA2d and bphK) of unknown biological function have
been substituted for those which have been deleted. In
addition, there is an obvious rearrangement of genes comy
pared to the TOL plasmid lower operorylF has been
moved in front ofxylE from its position betweenylG and
xylJ, and xylT has been moved from in front ofylE to
after xylH.

A third rearrangement of the TOL plasmid ‘lower’
operon occurred through the addition of two genes to'its 3
end: xylC and bphB The first of these two genesylIC,
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encodes benzaldehyde dehydrogenase, involved in the coht Eaton RW and PJ Chapman. 1992. Bacterial metabolism of naphtha-

version of benzaldehydey, andp-tolualdehyde to the cor-
responding acids. This gene is normally present in a TOL
plasmid ‘upper’ operon containing the genes for conversion ,
of toluene,m-, andp-xylene to the corresponding acids [2].
The second of these genéphB encodegis-2,3-biphenyl
dihydrodiol dehydrogenase. This enzyme is involved in thel3
dehydrogenation of a wide variety of aromatis-dihydro-
diols as a mutant lacking this enzyn®,yanoikuya®&8/36,
accumulategis-dinydrodiols from a wide variety of poly-
cyclic aromatic compounds (see Introduction). The fact that
EK3 [31] and EK121 (this work), representing insertions 1>
in xylG and xylE respectively, have polar effects dphB
proves thatophB (and xylC by implication) are operonic
with the upstreamxyl genes. However, an insertional
mutation ofxylX (EK533) did not result in polar effects on
bphB This suggests that either the kanamycin gene inseft’
tion did not result in a polar effect or that there is a second
promoter present aftetylX but beforexylE. 18
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