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Aromatic hydrocarbon degradation by Sphingomonas
yanoikuyae B1
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Sphingomonas yanoikuyae Bl is able to grow on a wide variety of aromatic compounds including biphenyl, naphtha-

lene, phenanthrene, toluene, m-, and p-xylene. In addition, the initial enzymes for degradation of biphenyl have the
ability to metabolize a wide variety of different polycyclic aromatic hydrocarbons. The catabolic pathways for the
degradation of both the monocyclic and polycyclic aromatic hydrocarbons are intertwined, joining together at the

level of (methyl)benzoate and catechol. Both upper branches of the catabolic pathways are induced when S. yanoiku-
yae Bl is grown on either class of compound. An analysis of the genes involved in the degradation of these aromatic
compounds reveals that at least six operons are involved. The genes are not arranged in discrete pathway units

but are combined in groups with genes for the degradation of both classes of compounds in the same operon.

Genes for multiple dioxygenases are present perhaps explaining the ability of S. yanoikuyae B1 to grow on a wide
variety of aromatic compounds.
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Introduction Metabolism of aromatic compounds by S.

Biphenyl has long been utilized as a model compound invanoikuyae Bl

the analysis of the degradation of polychlorinated biphenyl . - . .
(PCBs). Extensive studies have been made on the gen §yan0|kuya£1 was originally isolated for the ability to

: ow on biphenyl for the purpose of elucidating the bi-
and enzymes involved as well as on the types of PCBs th d X
can be transformed by each strain. However, not all bi- henyl degradation pathway [8]. Gibson and coworkers

X . A wereable to identifiis-2,3-dihydroxy-1-phenyl-cyclohexa-
phenyl-plegradlng organisms are capable of oxidizing P.CBﬁ,6-diene and fw2,3-dihyd)r/oxyb?/phe$1yl ():/iss-giphenyl
containing several chlorine groups. One class of Organlsm(§ihydrodiol) as intermediates in the catabolic pathway [8].

falling into this latter class (non-PCB oxidizing biphenyl ., 7~~~ . .
. . . is indicated that metabolism proceeds through the
degraders) is comprised of organisms that are also Cap"’lblécﬁ;dition of two atoms of molecularp oxygen into thg aro-

'?’Ligeigr:?iltrt]lg P:g%;ﬁlzlg daéggstg]i :r)gi\rr?i(s:argbg?SbéE@H dsg'ematic nucleus at the 2,3 position (Figure 1). A ring cleavage
to the fact that more attention is placed on the biphenyl-dloxygenase. .WOUId subsequently cleave this compound at
degrading organisms as models for PCB degradation ai ffe 1.2 position to form 2-hydroxy-6-oxo-6-phenylhexa-
the naphthalene-degrading organisms as models for PA ,4-dienoate. In order to investigate the inital step in this

, . : . athway in more detail, Gibsoet al constructed a mutant
degradation. This class of organisms (biphenyl and PA : . ’ o . :
degraders) in general have the ability to utilize a wide var- train, B8/36, which accumulatessbiphenyl dihydrodiol

iety of PAHs as carbon sources and co-metabolize a numVyhen grown on succinate in the presence of biphenyl. This

o C mutant was instrumental in showing that B1 initiates
ber of PAHs (see below). This is not surprising as the . . . .
biphenyl structure can be found in a variety of differentmetabonsm of a wide variety of different PAHs through

PAHs. One organism capable of biphenyl and PAH degragmxygenase attack on the aromatic nucleus as shown in

L ; . : . . ) Figure 1.
dation is David T Gibson’s strain B1. This organism was " : . .
preliminarily classified as 8eijerinckiaspecies [8] but has In addition to biphenylS. yanoikuyad1 is also capable

: . of utilizing the two- and three-ring PAHs naphthalene
subsequently been found to I&phingomonas yanoikuyae ’
through the use of several new biochemical and phyloge anthracene, and phenanthrene as carbon sources for growth

: . . . . rI['8]. The initial step in the metabolism of these compounds
e o o e 0 IVOes he formation of s dhycrocio (Fgure
matic compounds. [10]) as determined using the mutant strain B8/36. This not
only demonstrated that these compounds are metabolized
via acis-dihydrodiol but also showed that a singlis-dihy-
drodiol dehydrogenase, lacking in B8/36, is involved in the
metabolism of all four PAHs. Besides these initial two steps
Correspondence: Dr GJ Zylstra, Center for Agricultural Molecular the metabolic pathway(s) by which naphthalene, phen-
Biology, Foran Hall, 59 Dudley Road, Cook College, Rutgers University, anthrene, .and amh.racene a.re metabolized have not been
New Brunswick, NJ 08901-8520, USA analyzed in detail inS. yanoikuyaeB1. However, based
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Figure 1 Catabolic pathways for the degradation of naphthalene, phenanthrene, biphenyl, toluemexydede. The enzyme and gene designations
for each step in a pathway are showr=R for toluene and R=CH; for m-xylene.
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410 Serdar [30]) it may be inferred that degradation of these  gro@tlyanoikuya®1l is able to oxidize a wide variety

three compounds proceeds as shown in Figure 1. Essenf PAH substrates due to the relaxed specificity of the
tially, the metabolism of the three compounds initially pro-  enzymes involved. Most, but not all, of the studies on the
ceeds by identical biochemical reactions as shown fosubstrate range of the B1 PAH catabolic pathway have
biphenyl (dioxygenase attack, dihydrodiol dehydrogen- taken place usingsttitydrodiol dehydrogenase mutant
ation, and metaring cleavage). However following ring B8/36. The advantage to using this strain in the metabolic
cleavage, metabolism of naphthalene, phenanthrene, and  studies is that one can unequivocally determine the position
anthracene diverges from that for biphenyl. For examplepf attack of the initial dioxygenase on the aromatic com-
following cleavage of 1,2-dihydroxynaphthalene, 2-hyd-  pound. This is due to the fact that B8/36 will accumulate
roxychromene-2-carboxylate is spontaneously formed [4]a cis-dihydrodiol(s) from an oxidizable PAH substrate. The
This requires the action of an isomerase to changeithe compound can be purified relatively easily and its structure
double bond in the side chain to thians configuration. determined. The disadvantage is that one does not know
Cleavage of the latter compound by a hydratase-aldolase how far the starting compound will be metabolized in the
results in the formation of salicyladehyde and a three-careatabolic pathway. Based on the position of initial enzy-
bon fragment. Salicyladehyde is subsequently converted to  matic attack on the substrate one can often predict how far
salicylate which can be metabolized through catechol anthrough the pathway a substrate can be metabolized based
the metacleavage pathway. Phenanthrene and anthracene on what is known for similar substrates and the properties
are metabolized by a similar pathway for the removal of atof the enzymes involved.
least the first aromatic ring. This has been demonstrated by A list of PAH substrates known to be oxidized by B1 is
the fact that anahD mutant of B1 (EK504) accumulates given in Figure 2. One notable theme in the oxidation of
analogous compounds from naphthalene, phenanthrene, and  these compounds is that there seem to be two preferred
anthracene (Kim and Cerniglia, personal communicationmodes of attack: a naphthalene dioxygenase and a biphenyl
[18]). The mechanism of removal of the second aromatic dioxygenase attack. A naphthalene dioxygenase type of
ring and metabolism of the remaining aromatic compouncdenzymatic attack is one such thate-dihydrodiol is for-
is not yet known forS. yanoikuya®1. Two different meta- med at the 1,2 position of a naphthalene moiety found in
bolic pathways have been proposed in other microthe PAH compound. A biphenyl dioxygenase attack is one
organisms for the continued degradation of phenanthrene  such timtidydrodiol is formed at the 2,3 position of
following removal of the first aromatic ring [6,19]. a biphenyl moiety found in the PAH compound. Examples

In addition to growth on PAHS. yanoikuyadBl also  of a naphthalene dioxygenase type of attack on a PAH com-
has the ability to grow on several monocyclic aromaticpound include the formation afis-dihydrodiols from naph-
compounds as well. Growth substrates in this class include  thalene, anthracene, arapyems. Examples of a
m-xylene, p-xylene, toluenep-ethyltoluene, and 1,2,4-tri- biphenyl dioxygenase type of attack on a PAH compound
methylbenzene [24]. Metabolism of these compounds pro- include the formatiois-dihydrodiols from biphenyl,
ceeds via a TOL-plasmid type catabolic pathway with sucphenanthrene, 3-methylcholanthrene, bajmfrene, carba-
cessive oxidation of the methyl group to form an aromatic ~ zole, and dibenzothioplgenganoikuyaeBl attacks
acid (Figure 1). Benzoate (or toluate) is subsequently metabenzp]anthracene at three different positions, illustrating
bolized via the well-knowmmetacleavage pathway to acet- both modes of attack. These two different types of enzy-
aldehyde and pyruvate. This pathway for monocyclic aro-matic attacks do not necessarily suggest that two different
matic hydrocarbon degradation is metabolically linked to  enzymes are involved as it is known that naphthalene
that for the degradation of PAHs. The initial (or ‘upper’) dioxygenase fronf. putidaNCIB 9816-4 has an extremely
pathways for the metabolism of each compound intersect broad substrate range. However, this cannot be ruled out
at the metacleavage (or ‘lower’) pathway. Biphenyl and as a possibility, especially in light of the genetic data dis-
the monocyclic compounds are metabolized to  cussed below.
(methyl)benzoates and (methyl)catechol while naphthalene S. yanoikuyaeB1 is one of the few microorganisms
is metabolized to salicylate and catechol. Linkage of the  which have been conclusively shown to oxidize PAHs of
pathways for monocyclic and polycyclic aromatic hydro- four or more aromatic rings. B1 is able to oxidize the four-
carbon degradation also occurs at the level of gene regu- ring compounds]aetirfacene [11,23] and 3-methyl-
lation. Growth on a monocyclic aromatic compound cholanthrene [13] and the five-ring compound belxjr-
induces not only the genes for its own degradation but also  ene [7]. Interesttghanoikuyad3l attacks several of
the genes responsible for the ‘upper pathway’ of PAHthese compounds at more than one position. These multiple
degradation [24]. The alternative case, growth on biphenyl, sites of attack may again represent either the action of one
also results in the induction of the genes for the ‘upperioxygenase with a relaxed substrate range or the action of
pathway’ of m-xylene degradation. The reasons for this multiple dioxygenases each with their own preferred sub-
unusual regulation can partially be explained by the genstrate and position of attack. Whichever may be the case
organization as discussed below. only ariedihydrodiol dehydrogenase is involved in the
metabolism of each of these compounds since the mutant
strain B8/36 accumulates eis-dihydrodiol from each of
the PAHSs. It is interesting to note that although B1 has not
been reported to grow on beafnthracene it is capable
In addition to the ability to utilize biphenyl, naphthalene, of removing at least one of the four rings. Mahaffetyal
anthracene, and phenathrene as sole sources of carbon for  [23] showed that 1-hydroxy-2-anthranoic acid, 2-hydroxy-

Co-oxidation of aromatic substrates by S.
yanoikuyae Bl
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Phenanthrene Benz[alanthracene Benz[a]pyrene
Naphthalene
Anthracene Acenaphthene Acenaphthylene 3- Methylcholanthrene
0]
Dibenzo-p-dioxin Carbazole Dibenzofuran leenzothlophene

Figure 2 Polycyclic aromatic hydrocarbons which are oxidized By yanoikuyaeB1 to cis-dihydrodiols. The arrow indicates the position on the
compound where the oxygens are added by the initial dioxygenase enzyme to biphenyl [8,31], naphthalene [8], anthracene [1,10], phenanthrene [10,21],
benzplanthracene [7,11], berdapyrene [7], 3-methylcholanthrene [13], dibenzofuran [2], dibenzothiophene [22], carbazole [26], acenaphthene [29],
acenaphthylene [29], and dibenpatioxin [20].

3-phenanthroic acid, and 3-hydroxy-2-phenanthroic acid  the fact thamt#tecleavage of catechol results in an
could be detected in culture supernatants following incu-easily observable bright yellow compound and that the
bation of induced B1 cells with bergjanthracene. These initial dioxygenase oxidizes indole to indigo which
three compounds result from the initial enzymatic attackaccumulates as a blue precipitate inside the cells [5]. Con-
at the 1,2; 8,9; and 10,11 positions of beajahthracene struction and screening of a cosmid library consisting of
presumably followed by the actions of the following 40-kb fragments did not yield any clones which perform
enzymes in the catabolic pathway. Whether metabolism  these reactions [16]. In order to clone the genes, a different
proceeds to remove the remaining three rings of this comapproach was then taken. Several transposon mutant strains
pound is not known. deficient in aromatic metabolism were constructed [16]
using the mini-transposon mini-TK1 [3]. A dispro-
portionate number of these strains lagik-biphenyl dihyd-
rodiol dehydrogenase activity (Kim and Zylstra, unpub-
The wide variety of PAHs thab. yanoikuyad1 can meta- lished observations). This suggested that there was either a
bolize, along with the fact that it can also metabolize mono- hot spot for insertion of the transposon or that the gene for
cyclic compounds, makes the strain a prime candidate focis-biphenyl dihydrodiol dehydrogenase is located in a
in-depth analysis of the genes and enzymes involved. Inves- large operon where transposon insertions upstream would
tigation at the molecular level of the ability &. yanoiku- have polar effects (see below). One of these transposon
yae B1 to degrade aromatic compounds has lagged behind mutants, EK3, was chosen for further study due to the fact
those for many other strains. However, as will be seerthat it is unable to grow on eithem-xylene or biphenyl
below, the structure and organization of the genes tells us  and accuntikb#shenyl dihydrodiol when grown on
much about how this strain has evolved, how the genes fasuccinate in the presence of biphenyl. A 6Mbt fragment
catabolic pathways can be recruited, and why the strain is  of genomic DNA was cloned from EK3 taking advantage
able to degrade such a wide variety of aromatic compoundsf the uniqueNot site in the mini-TnKm1 transposon. A
Cloning of the genes for aromatic hydrocarbon degra- gene foetcleavage dioxygenase was located next to
dation usually begins by constructing a genomic library inthe transposon insertion and this fragment used to locate a
E. coli and screening for activity of key enzymes in the  cosmid clone containing the analogous regi& of
catabolic pathway, such as the initial dioxygenase or theanoikuyaeB1 genomic DNA [16]. Subclones of this
metaring cleavage dioxygenase. This often works if the approximately 40-kb cosmid clone indicated that it con-
cloned genes are near a promoter activeeircoli (either  tained the genes for twametacleavage dioxygenase
native or in the vector) and, in the case of the initial oxy-  enzymes, approximately 7 kb apart from one another and
genase, if the multiple genes encoding the individualtranscribed in opposite directions. The fact that there are
components are clustered. These experiments are aided by  genes foetaaeavage dioxygenases makes sense due

Genetic analysis of S. yanoikuyae Bl
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2 to the fact that there are two steps in the catabolic pathway = aromatic metabolism (Figure 3). This operon is highly

where this type of enzyme is required: ring cleavage of aeminiscent of the TOL plasmidnetacleavage or lower
dihydroxylated polycyclic compound such as 1,2-dihyd-pathway operon with several exceptions. ThdZ gene,
roxynaphthalene or 2,3-dihydroxybiphenyl and ring cleav-coding for the reductase component of toluate dioxygenase,
age of a dihydroxylated compound such as catechol or 3is missing. This is in agreement with the data discussed in
methylcatechol (Figure 1). Indeed, an analysis of thethe previous paragraph where a reductase and a ferredoxin
deduced amino acid sequences of these two enzymeske the place of a single bifunctional reductase in this
reveals that one falls into the class of enzymes which arenulticomponent enzyme. In addition, several rearrange-
found in upper pathway operons for biphenyl and naphthaments of this operon have taken place in comparison with
lene catabolism and the other falls into the class of enzymegie TOL plasmid. TheylL gene has been removed and is
which are found in lower pathway operons for present elsewhereylT has been moved to a position just
(methyl)catechol metabolism [16]. This finding is sup- after xylH, xylF has been moved to a new location, and at
ported by the substrate range of each enzyme: one has|@ast three new genes have been added to the middle of
preference for 2,3-dihydroxybiphenyl and the other has ahe operon: orf2pphAldcoding for a large subunit of a
preference for catechol. The gene encoding the formegioxygenase, anbphK, encoding a glutathion8-transfer-
enzyme was thus designatdphC for 2,3-dihydroxybi-  ase. In additiongylC andbphBhave been placed at the end
phenyl 1,2-dioxygenase and the gene encoding the lattjf the operon. Experiments with insertional mutagenesis of
designatedkylE for catechol 2,3-dioxygenase. ~this group of genes suggest that there are at least two pro-
The location of the genes for two-ring cleavage Q'OXY'moters, one in front okylX and the other betweerylX
genases 7 kb apart from one another and transcribed igng xylE [15]. Thus, insertions (either by insertional
opposite dlret_:tlon_s sugge_sted that there are perhaps at |e<’f‘ﬁ&tagenesis or by random transposon insertionkytE
two operons in this organism, one containing genes for aRagy|t in polar effects obphB This explains the large pro-
upper pathway for the conversion of biphenyl to benzoate,s tion of bphB mutations obtained in transposon

and another containing genes for a lower pathway for the,agenesis experiments described above: there is a large

metabolism of (methyl)benzoate. A third operon might be, et area (nine kilobases) for the transposon to exert a
present for the conversion of toluene and the xylenes t

; o polar effect onbphB
(methyl)benzoates. This hypothesis is based on what IS geyera| genes required for aromatic metabolismSin

known about the well-studied toluene, naphthalene, and, ...\ vaeB1 are still missing from the nucleotide
bipheny| pathways. Howeveg. yanoikuyaeBl does not .. ,ence discussed above. This being the case, nucleotide
fit this general rule, as _already ewdenced by the fact th equencing was continued to the leftlgghBin the hope

the gene ifphB for cis-bipheny! dihydrodiol dehydrogen- of finding the remaining genes in the pathway. At least four

ase must be present downstream> xylE based on the " ; re .
phenotype of the transposon mutant EK3. Additionally, aaddmonal operons were discovered in this region of DNA

knockout mutant obphC, designated EK385, resulted in (Figure 3). The first contains _the genes for two different
the loss of the ability to grow on biphenyl, naphthaleme, oxygenase components of a dioxygendxgn\la, bphA2a,

xylene, andm-toluate [15]. This suggests that genes arebphAlb’ bphAZpand the reductase and oxygenase compo-

present downstream diphC which are involved in both nents of xylene monooxygenase/(AM). Genes to the right

the upper and lower pathways of aromatic metabolismpf this operon are arranged in small operonic units. These

Analysis of the nucleotide sequence downstreanbmiC include genes encoding a regulatory protehrpi(F@,' a
reveals the presence of several genes which are involvdgductase component of a dioxygenasehAg, a cis:
in aromatic metabolism (Figure 3). These include genes fof"€thyl)benzoate dihydrodiol dehydrogenasgll), a 2-
a ferredoxin component of a dioxygenad@lfA3, a large  hydroxybenzalpyruvate aldolasenahE), an oxygenase
subunit of an oxygenase component of a dioxygenas€omponent of a dioxygenaséphAlg, and a protein of
(bphAl19, and 2-hydroxychromene-2-carboxylate iso-Unknown function phX. L
merase 1fahD). Immediately following these genes is one Although over 30 genes have been identified Sn
for a transposase (designated orfl in Figure 3). The ferref@anoikuyaeBl1 and shown to be involved in metabolism
doxin component is involved not only in the initial dioxy- ©f Polycyclic and monocyclic aromatic compounds [15,17]
genase that is involved in attacking the initial substrate¢here still remain several to be found. For instance, the
(biphenyl, naphthalene, etc) but also as a component in thgenes for benzylalcohol dehydrogenasgl), salicylate
dioxygenase that attacks (methyl)benzoate. Normally benPydroxylase fah@, and 2-hydroxy-6-oxo-6-phenylhexa-
zoate and toluate dioxygenases consist of a reductase aRdt-dieonate hydrolasé§hD) have not yet been identified.
a two-subunit oxygenase [9,25]. However, in the cas8.of In addition, genes for at least six oxygenase components
yanoikuyaeB1 the reductase component is split into two have been identified in the nucleotide sequence. One of
components, a reductase and a ferredoxin. This shows cothese xylXY, codes for the oxygenase component of toluate
servation of electron transfer components as the sam@ioxygenase. Analysis of the remaining five sets of genes
reductase and ferredoxin can be used with multiple oxy{labeledbphA1A2 indicates that they encode oxygenases
genase components. This is not unprecedentedri®-  of unknown function. Deletion of an oxygenase gene or
halobenzoate 1,2-dioxygenase has also been shown to bensertional mutagenesis of an oxygenase gene results in no
three-component enzyme [27]. detectable phenotype as measured by the ability to oxidize
The nucleotide sequence immediately to the right ofnaphthalene or biphenyl. Thus, the genes for the true initial
bphC shows the presence of a second operon involved in  oxygenase component have not yet been sequenced. The
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Figure 3 Cartoon of the nucleotide sequence encoding genes for aromatic hydrocarbon degradatiSn YeoroikuyaeB1.
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