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Sphingomonas paucimobilis SYK-6 is able to grow on a wide variety of dimeric lignin compounds. These compounds
are degraded via vanillate and syringate by a unique enzymatic system, composed of etherases, O demethylases,
ring cleavage oxygenases and side chain cleaving enzymes. These unique and specific lignin modification enzymes
are thought to be powerful tools for utilization of the most abundant aromatic biomass, lignin. Here, we focus on
the genes and enzymes involved in b-aryl ether cleavage and biphenyl degradation. Two unique etherases are
involved in the reductive cleavage of b-aryl ether. These two etherases have amino acid sequence similarity with
the glutathione S-transferases, and use glutathione as a hydrogen donor. It was found that 5,5 ′-dehydrodivanillate,
which is a typical lignin-related biphenyl structure, was transformed into 5-carboxyvanillate by the reaction sequence
of O-demethylation, meta-ring cleavage, and hydrolysis, and the genes involved in the latter two reactions have
been characterized. Vanillate and syringate are the most common intermediate metabolites in lignin catabolism.
These compounds are initially O-demethylated and the resulting diol compounds, protocatechuate (PCA) and 3- O-
methylgallate, respectively, are subjected to ring cleavage catalyzed by PCA 4,5-dioxygenase. The ring cleavage
products generated are further degraded through the PCA 4,5-cleavage pathway. We have isolated and characterized
genes for enzymes involved in this pathway. Disruption of a gene for 2-pyrone-4,6-dicarboxylate hydrolase ( ligI ) in
this pathway suggested that an alternative route for 3- O-methylgallate degradation, in which ligI is not involved,
would play a role in syringate catabolism. In this article, we describe the genetic and biochemical features of the
S. paucimobilis SYK-6 genes involved in degradation of lignin-related compounds. A possible application of the
SYK-6 lignin degradation system to produce a valuable chemical material is also described.
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Introduction

Lignin is the most abundant aromatic material in nature
and its effective utilization would be desirable. One of the
practical procedures to utilize lignin is its conversion into
useful chemical materials using microbial lignin degra-
dation systems. It is well known that degradation of native
ligin is initiated by the attack by lignin peroxidase, manga-
nese peroxidase and laccase secreted by white rot fungi [7].
The resulting low molecular weight lignin is further
degraded and mineralized by bacteria [56,64]. Lignin
degradation is therefore accomplished by the cooperative
actions of the fungal and bacterial enzyme systems. Bac-
terial lignin degradation systems consist of many reaction
steps, which are catalyzed by unique and specific enzymes.
Thus, bacterial enzyme systems are expected to serve as
useful tools for conversion of lignin into intermediate
metabolites, which are valuable for commercial use.

Sphingomonas paucimobilisSYK-6 (formerly Pseudo-
monas paucimobilisSYK-6) which grows on 5,5′-dehydro-
divanillate (DDVA) had been isolated from pulp effluent
[21]. S. paucimobilisSYK-6 has the ability to degrade a
wide variety of dimeric lignin compounds includingb-aryl
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ether, phenylcoumarane, pinoresinol, and diarylpropane in
addition to biphenyl [20,21,32] (Figure 1). These dimeric
lignin compounds having guaiacyl or syringyl moieties are
degraded to vanillate or syringate, respectively, by the
action of the SYK-6 lignin degradation enzyme system,
which is composed of ether cleavage [32–34], sidechain
cleavage, O-demethylation [39], and aromatic ring cleavage
enzymes [40,42] (Figure 1). Vanillate and syringate are
initially O-demethylated, and then converted into protocate-
chuate (PCA) and 3-O-methygallate, respectively. The
resulting PCA is further degraded to pyruvate and

Figure 1 Proposed degradation pathway of various lignin-related com-
pounds and the protocatechuate 4,5-cleavage pathway inS. paucimobilis
SYK-6. Dimeric lignin compounds having guaiacyl or syringyl moieties
are converted into vanillate or syringate, respectively, by actions of the
specific lignin degradation enzymes shown in the upper section. Vanillate
and syringate were O-demethylated and transformed into protocatechuate
(PCA) and 3-O-methylgallate, respectively. Both compounds were sub-
jected to PCA 4,5-dioxygenase (LigAB) and the resulting products were
further metabolized via the PCA 4,5-cleavage pathway shown in the lower
section. An alternative suggested route for 3-O-methylgallate degradation
is illustrated in Figure 6b. Thelig genes indicated above the arrows have
been characterized and their functions are summarized in Table 1. DDVA,
5,5′-dehydrodivanillate; OH-DDVA, 2,2′,3-trihydroxy-3′-methoxy-5,5′-
dicarboxybiphenyl; CHMS, 4-carboxy-2-hydroxymuconate-6-semial-
dehyde; PDC, 2-pyrone-4,6-dicarboxylate; CHM, 4-carboxy-2-hydroxy-
muconate; OMA, 4-oxalomesaconate; CHA, 4-carboxy-4-hydroxy-2-
oxoadipate.
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oxaloacetate via the PCA 4,5-cleavage pathway. On the other
hand, the degradation pathway of 3-O-methylgallate is not
clear at present. To clarify all the details of the complex lignin
degradation enzyme system inS. paucimobilisSYK-6, we
have isolated the SYK-6 genes and analyzed their functions.
In this article, we review the genetic and biochemical features
of strain SYK-6 lignin degradation genes.

b-aryl ether cleavage
b-aryl ether cleavage is an essential step in lignin degra-
dation because this linkage is most abundant
(approximately 50%). Gas chromatography and mass spec-
trometry (GC-MS) analysis indicated thatb-aryl ether
(compound II in Figure 1) was converted intob-hydroxy-
propiovanillone and vanillin by strain SYK-6, indicating
that theb-aryl ether cleaving activity in strain SYK-6 is a
unique reductive reaction [34]. We chemically synthesized
a substrate using 4-methylumbelliferone to construct a con-
venient and sensitive fluorescent assay system for theb-
aryl ether cleavage catalyzed byb-etherase [34]. When the
cell extract of strain SYK-6 was treated with a detergent,
MEGA-8, b-etherase activity was detected using this assay
substrate. This result suggested that the enzyme is associa-
ted with the cell membrane.

Cloning of the b-etherase gene was carried out by
screening of the strain SYK-6 cosmid gene library forS.
paucimobilis IAM12578 for the ether bond cleaving
activity of the assay substrate [32,33]. The organization of
the b-etherase gene cluster is shown in Figure 2. Interest-
ingly, we found two kinds ofb-etherase genes, designated
ligE and ligF, in the cloned 24-kbSalI fragment. Putative
amino acid sequences deduced fromligF [33] andligE [32]
nucleotide sequences have 27% and 18% identities with the
glutathioneS-transferases (GST) of potato [accession No.
AF002692–1 in DAD (DDBJ amino acid sequence

Table 1 S. paucimobilisSYK-6 genes involved in the degradation of lignin-related compounds

Gene No. of amino Deduced mol Product and/or function Accession No. Reference(s)
acids mass (kDa) (DADd or

DDBJe)

ligA 139 15.5 (15)b a-subunit of protocatechuate 4,5-dioxygenase M34835–1d [40]
ligB 302 33.2 (34) b-subunit of protocatechuate 4,5-dioxygenase M34835–2d [40]
ligC NAa 4-carboxy-2-hydroxymuconate-6-semialdehyde [38]

dehydrogenase
ligD 305 32.3 (NDc) Ca-dehydrogenase involved inb-aryl ether cleavage D11473–1d [35]
ligE 280 32.0 (32) b-etherase forb-aryl ether cleavage; similar to glutathione M11473–3d [32]

S-transferase
ligF 257 29.7 (30) b-etherase forb-aryl ether cleavage; similar to glutathione D11473–2d [33]

S-transferase
ligG 265 30.2 (ND) similar to glutathioneS-transferase AB026292e This study
ligH 557 59.4 (60) essential gene for O-demethylation of vanillate and AB006079–1d [39]

syringate
ligI 293 32.7 (38) 2-pyrone-4,6-dicarboxylate hydrolase AB015964e [36]
ligY 332 37.2 (37) OH-DDVAmeta-cleavage compound hydrolase AB018415e [43]
ligZ 334 37.0 (38) OH-DDVAmeta-cleavage dioxygenase AB007823–1d [42]
lsdA NA similar to lignostilbene-a,b-dioxygenase AB015964e [36]

aNA, not available. The complete nucleotide sequences ofligC and lsdA are not available. PartiallsdA sequence had been deposited in the database.
bMol mass estimated on SDS-PAGE is presented in the brackets.
cND, not determined.
dDAD, DDBJ amino acid sequence database.
eDDBJ, DDBJ nucleotide sequence database. The deduced amino acid sequences of theligG, ligI , ligY and lsdA have not been deposited in the amino
acid sequence database.

database)] and carnation [14] (L05915–1 in DAD), respect-
ively. The ORF3 of a gentisate degrader,Sphingomonassp
RW5 [59] (AJ224977–3 in DAD) was most similar to LigF.
Cell extracts ofE. coli carrying ligE or ligF showedb-
etherase activity. In the presence of reduced glutathione
(GSH), 15-fold and two-fold stimulations ofb-etherase
activity were observed in the reaction mixture containing
LigF and LigE, respectively. Over 600-fold higher activity
was detected in the reaction mixture containing LigF than
that of LigE. This result strongly suggested that LigF plays
a major role in theb-aryl ether cleavage in strain SYK-6.
The substrate specificity of LigF and LigE are restricted
to the b-aryl ether having Ca-carbonyl (compound II in
Figure 1). A carbonyl group in theb-aryl ether compounds
is thought to be an important determinant forb-etherase
activity. The carbon atom at positiona (Ca) may be
attacked by GSH since the electron density of this carbon
atom is thought to be reduced due to the presence of a
carbonyl group. Ab-aryl ether compound containing Ca-
hydroxyl (compound I) was oxidized by Ca-dehydrogenase
(LigD) [35] to generate ab-aryl ether compound having
Ca-carbonyl which is the substrate forb-etherase. TheligD
gene locates just upstream fromligF and seems to consti-
tute an operon withligF and ligE genes based on their tan-
dem arrangement. Theb-etherases could cleave theb-aryl
ether compound having side chains of C2 and C3. LigF and
LigE showed no activity toward 1-chloro-2,4-dinitroben-
zene (CDNB), a common substrate for GSTs but not a good
substrate for the theta class of GSTs that was proposed to
be the progenitor of the other classes of GST [57].
Recently, we purified LigF from a cell extract ofE. coli
carrying theligF gene. LigF was estimated to be a tetramer
(128 kDa) by gel filtration chromatography (unpublished
data). This is a striking difference between LigF and other
GSTs, which have been reported to be dimers.
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Figure 2 Organization of theb-aryl ether cleavage enzyme gene cluster ofS. paucimobilisSYK-6. The nucleotide sequence of theligG gene whose
gene product shows similarity with glutathioneS-transferases (GST) was determined in this study. TheligG gene is located 78 bp downstream from
ligE and encodes 265 amino acid residues. The nucleotide sequence ofligG was deposited in the DDBJ, EMBL, and GenBank nucleotide sequence
databases under accession No. AB026292.

In this study, we found another putative GST gene down-
stream fromligE. It was designatedligG (accession No.
AB026292 in DDBJ), and encodes 265 amino acid residues
(Figure 2). The deduced amino acid sequence ofligG
shows 23% identity with auxin-induced GST homolog of
tobacco [55] (X56263–1 in DAD). We detected neitherb-
etherase activity nor GST activity on CDNB in the cell
extract of E. coli carrying ligG. However the tandem
arrangement of these three GST homologous genes is inter-
esting. The N-terminal amino acid sequences of LigE, LigF,
and LigG are aligned with those of alpha- [51], mu- [15],
pi- [8], sigma- [16], theta-class [47,61], andE. coli [37]
GSTs, for which three-dimensional structures have been
reported (Figure 3). The tyrosine residue in the N-terminus
had been thought to contribute to the activation of gluta-
thione [62]. The tyrosine residue is conserved in the N-

Figure 3 Alignment of N-terminal sequences of the various glutathioneS-transferases. The sequences were obtained from the SWISS-PROT databases.
Alpha, human GST A1–1 [51] (P08263); mu, rat GST M3–3 [15] (P04905); pi, pig GST P1–1 [8] (P80031); sigma, squid GST [16] (P46088); insect,
theta GST ofLucilia cuprina [61] (P42860); plant, theta GST fromArabidopsis thaliana[47] (P46422); E. coli,E. coli GST [37] (P39100); DM11,
dichloromethane dehalogenase (DcmA) ofMethylophilussp DM11 [2] (P43387); PcpC, tetrahydroquinone reductase ofSphingomonas chlorophenolica
[41] (Q03520); LigF,b-etherase [33] (P30347); LigE,b-etherase [32] (P27457); LigG, GST homolog. The residues ina-helices andb-strands in GSTs
of which three-dimensional structures were solved are underlined. Boldface roman type represents the conserved residues. Residues on a dark background
are suggested to interact directly with the sulfur atom of the GSH thiol group.

terminal region among LigE, LigF, and LigG (Figure 3).
The N-terminal serine residue, which is well-conserved in
the theta-class [4], is critical for enzyme activity in this
class of GST, as has been found in the Australian sheep
blowfly (Lucilia cuprina) [5] and dichloromethane dehalo-
genase fromMethylophilussp strain DM11 [58]. InE. coli
GST, Cys10 has been implicated to be a catalytic residue
[37]. These Ser and Cys residues are, however, ambiguous
in the N-terminals of LigE, LigF, and LigG, and should
be investigated.

Biphenyl degradation
Biphenyl structure is included at approximately 10% in
spruce lignin, and so stable that its decomposition should be
rate limiting in lignin degradation. 5,5′-Dehydrodivanillate
(DDVA) has been used as a typical biphenyl compound.
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DDVA is initially O-demethylated by strain SYK-6 to gen-
erate 2,2′,3-trihydroxy-3′-methoxy-5,5′-dicarboxybiphenyl
(OH-DDVA) (Figure 1). OH-DDVA is cleaved by the
extradiol dioxygenase LigZ, and transformed into themeta-
cleavage compound (compound III in Figure 1) [42]. Spe-
cific hydrolase LigY hydrolyzed themeta-cleavage com-
pound, and 5-carboxyvanillate was generated [43]. The O-
demethylation step of DDVA is not clear at present; how-
ever, a specific enzyme for DDVA which differs from that
for vanillate and syringate was suggested to be involved in
this reaction (see the section ‘O-demethylation’).

A 15-kb EcoRI fragment carrying theligZ gene was iso-
lated by complementing the growth deficiency of a mutant
on OH-DDVA [42]. The ligZ gene which encodes 334
amino acids was expressed inE. coli. LigZ catalyzed the
meta-cleavage of OH-DDVA, which yielded the yellow
meta-cleavage compound (lmax, 455 nm at pH 12)
(compound III). The substrate specificity of LigZ was
examined by measuring oxygen consumption. The activity
was observed only toward OH-DDVA and 2,2′,3,3′-tetrahy-
droxy-5,5′-dicarboxybiphenyl (DDPA), and no activity was
found toward other lignin-related diol compounds such as
PCA, 3-O-methylgallate and gallate, and aromatic diol
compounds including 2,3-dihydroxybiphenyl, 3-methyl-
catechol and catechol. LigZ activity was lost upon addition
of EDTA and it was recovered by addition of Fe2+ to the
reaction mixture. This suggests that LigZ contains Fe2+ in
the catalytic center.

The deduced amino acid sequence of theligZ gene pro-
duct exhibits only partial similarity with the sequence of
the class III (or type II [10]) extradiol dioxygenase [52]
including theb-subunit of PCA 4,5-dioxygenase (LigB) of
S. paucimobilisSYK-6 [40] (21% identity) and a subunit
of 2′-aminobiphenyl-2,3-diol dioxygenase (CarBb) of
Pseudomonassp CA10 [48] (21% identity). However, LigZ
possesses an evolutionary relationship with that class of
enzyme. According to Spenceet al [52] and Eltis and Bolin
[10], the extradiol dioxygenases are divided into three
classes based on their amino acid sequence similarity. The
three-dimensional structure of the class II enzyme, 2,3-
dihydroxybiphenyl 1,2-dioxygenase (BphC) was deter-
mined by Sendaet al [49] and Hanet al [11]. Class II
enzymes are composed of two domains having approxi-
mately the same folding pattern. Class I comprises single-
domain enzymes including the BphC2 and BphC3 ofRho-
dococcus globerulusP6 [1]. Thus, class II enzymes are
thought to have evolved from a class I enzyme through
gene duplication. The class III enzymes have little simi-
larity to the enzymes of class I and class II. This suggested
little evolutionary relationship between class III and class
I and II enzymes.

The LigAB purified to homogeneity from cell extracts
of E. coli carrying ligAB was subjected to gel filtration
chromatography, which indicated that the molecular mass
of LigAB is 96 kDa, suggesting that it is ana2b2 tetramer
(unpublished data). Sugimotoet al determined the three-
dimensional structure of LigAB of strain SYK-6 [53]. Inter-
estingly, the three-dimensional structure of LigAB is com-
pletely different from the class II enzyme, BphC ofPseudo-
monas sp KKS102 [49] indicating no evolutionary
relationship between them. LigB contains the active site

having a non-heme iron coordinated by His12, His61,
Glu242, and a water molecule. Figure 4 shows the align-
ment of the class III extradiol dioxygenases. His12, His61
and Glu242 (numbering refers to the LigB sequence) are
well conserved in all the sequences. On the other hand,
LigZ exhibits only a little sequence similarity with class III
enzymes as a whole; however, the similarity between amino
acid positions 202–254 of LigZ and positions 147–195 of
LigB is significantly high (Figure 5). Thus, LigZ has some
evolutionary relationship with class III enzymes, although
it is unique to them. It will be necessary to determine the
three-dimensional structure of LigZ to understand the struc-
tural and functional relationship between LigZ and class
III enzymes.

5-Carboxyvanillate accumulated in the reaction mixture
of OH-DDVA containing a cell extract ofE. coli having a
15-kb EcoRI fragment carrying theligZ gene. This result
indicated that a gene for themeta-cleavage derivative
hydrolase which is responsible for the step following ring
cleavage by LigZ is included in this fragment. The hydro-
lase gene (ligY) is located approximately 1.4 kb down-
stream fromligZ, and consists of a 996-bp open reading
frame (ORF) [43]. The nucleotide sequence and the
deduced amino acid sequence of theligY gene had no simi-
lar sequence in the database. In order to verify the hydroly-
sis catalyzed by LigY, the incorporation of18O from H2

18O
into the substrate was examined [43]. The reaction mixture
of LigZ and LigY was incubated with OH-DDVA in the
presence of H218O and the product was methylated and ana-
lyzed by GC-MS. The mass spectrum of the methylester
derivative of the product exhibited a molecular ion peak
at m/z 256 corresponding to 5-carboxyvanillate methylester
containing 18O. This indicates that LigY catalyzed hydroly-
sis of themeta-cleavage product of OH-DDVA. Interest-
ingly, LigY was able to hydrolyze themeta-cleavage pro-
duct of OH-DDVA efficiently only when the LigY was
added coincidently with LigZ in the reaction mixture con-
taining OH-DDVA. The coexistence of LigZ seems to be
essential for LigY activity. An intriguing possibility is that
LigZ is physically associated with LigY. The close physical
association between two enzymes has been reported on
meta-cleavage pathway enzymes [12,44]. Harayamaet al
[12] suggested that 4-oxalocrotonate decarboxylase and 2-
oxopent-4-enoate hydratase in the catecholmeta-cleavage
pathway encoded on the TOL plasmid formed a physical
complexin vivo. The product of the decarboxylase was an
enol form compound, 2-hydroxypent-2,4-dienoate. The
hydratase acts on only this enol form; however, it is spon-
taneously transformed into a keto form, 2-oxopent-4-eno-
ate. It was suggested that physical association of the decar-
boxylase and the hydratase assures efficient transformation
of the intermediate. In the case of OH-DDVA degradation,
the substrate specificity of LigY may be restricted to the
enol form of themeta-cleavage derivative of OH-DDVA,
which may be spontaneously transformed into the keto
form. Physical association may be necessary for efficient
hydrolysis of the enol form of themeta-cleavage derivative
to 5-carboxyvanillate by LigY.

In an earlier study, we detected 3-O-methylgallate as an
intermediate metabolite during 5-carboxyvanillate degra-
dation by strain SYK-6 [20]. We also detected vanillate
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Figure 4 Amino acid sequence alignment of the class III extradiol dioxygenases. The class III [52] extradiol dioxygenase had been classified as type
II by Eltis and Bolin [10]. The sequences were obtained from the DDBJ amino acid sequence database (DAD) or DDBJ nucleotide sequence database
(DDBJ). LigB/SYK-6, b-subunit of PCA 4,5-dioxygenase [40] (M34835–2); CarBb/CA10,b-subunit of 2′-aminobiphenyl-2,3-diol dioxygenase of
Pseudomonassp CA10 [48] (D89064–4); PhnC/RP007, extradiol dioxygenase ofBurkholderiasp strain RP007 [25] (AF061751); MpcI, catechol 2,3-
dioxygenase ofRalstonia eutropha (Alcaligenes eutrophus)JMP222 [17] (X52414–1); MhpB/Ec, 2,3-dihydroxyphenylpropionate 1,2-dioxygenase ofE.
coli K-12 [52] (AE000142–2); HppB/PWD1, 2,3-dihydroxyphenylpropionate 1,2-dioxygenase ofRhodococcus globerulusPWD1 [3] (U89712–3);
EdoD/I1, extradiol dioxygenase ofRhodococcussp I1 [24] (AJ006125–1). Sugimotoet al [53] determined the three-dimensional structure of PCA 4,5-
dioxygenase (LigAB). According to their results, theb-subunit (LigB) contains the active site containing non-heme iron coordinated by His12, His61,
Glu242, and a water molecule. These amino acid residues (highlighted by a black background) are completely conserved among the class III enzymes
listed above. Boldface roman type indicates the conserved residues among all the sequences.

Figure 5 Amino acid sequence alignment of LigZ with class III extradiol dioxygenases. LigZ exhibited partial similarity with class III extradiol
dioxygenases. Amino acid residues that are highlighted by a black background are involved in the non-heme iron coordination. Asterisks and semicolons
indicate the identical and similar amino acid residues, respectively.
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among the metabolites of 5-carboxyvanillate [39]. The
metabolism of 5-carboxyvanillate seems to proceed to not
only 3-O-methylgallate but also vanillate (Figure 1).

O-demethylation enzymes
DDVA, syringate, and vanillate are transformed into OH-
DDVA, 3-O-methylgallate and PCA, respectively by O-
demethylation enzymes inS. paucimobilisSYK-6. In lignin
catabolism by strain SYK-6, the O-demethylation processes
are essential to generate substrates for the subsequent ring
cleavage steps. To address the O-demethylation enzymes,
strain SYK-6 mutants deficient in O-demethylation activity
were isolated. Two types of mutants were obtained follow-
ing nitrosoguanidine mutagenesis. The mutant strain NT-1
could not grow on DDVA, but could assimilate syringate,
vanillate, and OH-DDVA. Strain DC-49 grew on neither
vanillate nor syringate but could degrade PCA, 3-O-methyl-
gallate, and DDVA. This fact strongly suggested that strain
SYK-6 has at least two O-demethylation enzyme species,
one for DDVA and another for vanillate and syringate. A
DNA fragment conferring degradation activity on vanillate
and syringate to strain DC-49 was isolated from the strain
SYK-6 genomic library. This fragment could not comp-
lement the growth deficiency of strain NT-1 on DDVA.
The nucleotide sequence of the smallest DNA fragment
conferring O-demethylation activity on strain DC-49 indi-
cated that an ORF (ligH) encoding 557 amino acids is
responsible for this activity. The deduced amino acid
sequence ofligH revealed significant similarity with for-
myltetrahydrofolate synthetases ofClostridium thermoacet-
icum [26], C. cylindrosporum[46], andC. acidiurici [60]
(approximately 60% identity). The primary structure of
LigH suggested that it may require ATP and tetrahydrofol-
ate (THF), however, O-demethylation activity for both van-
illate and syringate in the cell extracts of strains SYK-6
and DC-49 carryingligH depended on only THF. An anaer-
obic O-demethylation enzyme for vanillate inAcetobacter-
ium dehalogenansconsists of four proteins including two
methyltransferases which mediate the methyl transfer from
vanillate to the reduced corrinoid protein and from corrin-
oid protein to THF [22]. THF dependence is a common
feature between O-demethylation enzymes of strain SYK-
6 andAcetobacterium. On the other hand a monooxygenase
encoded byvanA and vanB in Pseudomonassp ATCC
19151 [6] andPseudomonassp HR199 [45] catalyzed con-
version of vanillate into PCA and formaldehyde in the pres-
ence of NADH. The O-demethylation enzyme of strain
SYK-6 for vanillate and syringate is distinct from the O-
demethylation enzymes that have been reported previously.
Further research is needed to illustrate the combination of
the multiple O-demethylation enzymes in the lignin degra-
dation system in SYK-6.

The protocatechuate 4,5-cleavage pathway
PCA is one of the key intermediates of microbial catab-
olism of aromatic compounds. It is well known that the
aromatic ring opening of PCA is catalyzed by one of the
three dioxygenase species: PCA 3,4-dioxygenase (3,4-
PCD) [13], PCA 4,5-dioxygenase (4,5-PCD) [40] and PCA
2,3-dioxygenase (2,3-PCD) [63]. The 3,4-PCD is the most
extensively characterized enzyme, and the metabolic path-

way for the 3,4-PCD product,b-carboxy-cis, cis-muconate
into succinyl CoA and acetyl CoA is called theb-ketoadip-
ate pathway, which has also been adequately characterized
[13]. On the other hand, the PCA 4,5-cleavage pathway and
the PCA 2,3-cleavage pathway are poorly characterized.

In the case ofS. paucimobilisSYK-6, PCA is initially
transformed to 4-carboxy-2-hydroxymuconate-6-semial-
dehyde (CHMS) by 4,5-PCD and finally converted into
pyruvate and oxaloacetate via the PCA 4,5-cleavage path-
way proposed by Dagleyet al [23] (Figure 1). The PCA
4,5-cleavage pathway was enzymatically characterized by
Maruyamaet al [27–31] and Dagleyet al [23,54]. Accord-
ing to their publications, CHMS is nonenzymatically con-
verted into an intramolecular hemiacetal form and then
dehydrogenated by CHMS dehydrogenase. The resulting 2-
pyrone-4,6-dicarboxylate (PDC) is hydrolyzed by PDC
hydrolase to produce 4-oxalomesaconate (OMA) or its tau-
tomer, 4-carboxy-2-hydroxymuconate (CHM). OMA is
converted into 4-carboxy-4-hydroxy-2-oxoadipate (CHA)
by OMA hydratase. Finally, CHA is cleaved by CHA aldo-
lase to yield pyruvate and oxaloacetate (Figure 1).

The DNA fragment involved in vanillate degradation
was isolated by screening the strain SYK-6 gene library in
Pseudomonas putidaPpY 1100. The plasmid pVA01 con-
taining this fragment conferred the ability to grow on van-
illate to P. putida PpY 1100 [21] (Figure 6a). The cell
extracts of P. putida PpY 1100 (pVA01) andE. coli
(pVA01) developed the yellow color of CHMS (lmax,
410 nm at pH 9.5) in the presence of PCA indicating 4,5-
PCD activity. The nucleotide sequence of the 1.9-kbSalI
fragment indicated that the 4,5-PCD gene consisted of two
ORFs of 417 bp (ligA) and 906 bp (ligB) [40]. At that time
(1990), no similar protein was found in the databases; how-
ever, currently, a group of enzymes which has similarity
with ligB is classified in class III extradiol dioxygenases as
described in the section ‘Biphenyl degradation’.

We found that theP. putida PpY 1100 containing a
deletion derivative of pVA01 (pVAD4) accumulated PDC
from PCA (Figure 6a). This suggested that the region
deleted from pVA01 would contain the PDC hydrolase
gene and the region remaining in pVAD4 would include
the CHMS dehydrogenase gene. The CHMS dehydrogen-
ase gene (ligC) was suggested to be located downstream of
ligB [38]. The nucleotide sequence of this region indicated
that the ligC gene was truncated at the 3′ end. We were
not able to detect the CHMS dehydrogenase activity inE.
coli containing the expression plasmid carrying this trunc-
atedligC. P. putidaPpY1100 harboring this truncatedligC
on pVAD4, however, exhibited good CHMS dehydrogen-
ase activity, and was employed to prepare PDC from PCA.
This strain converted 86% of PCA into PDC after 20 h at
28°C in 2 L of minimal medium containing 10.4 mmol of
PCA [36]. Deletion analysis of the insert fragment of
pVA01 limited the location of PDC hydrolase gene to the
1.5-kbSphI fragment [36]. The nucleotide sequence of this
fragment revealed an 879-bp ORF (ligI ) encoding 293
amino acids [36]. TheligI gene is located approximately
5.4 kb upstream ofligA and it is transcribed divergently
from ligABC. This indicates that the PCA 4,5-cleavage
pathway is composed of at least two distinct operons.
Downstream fromligI , an incomplete ORF was found
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Figure 6 Gene organization of PCA 4,5-cleavage pathway genes (a) and the proposed catabolic pathway for vanillate and syringate byS. paucimobilis
SYK-6 (b). (a) pVA01, pKT230 with a 10.5-kbEcoRI fragment which conferred an ability to grow on vanillate toP. putidaPpY1100; pVAD4, deletion
plasmid of pVA01.E, EcoRI; P, PstI; Sl, SalI; Sm, SmaI; Sp, SphI; St, StuI; X, XhoI; Xb, XbaI. (b) The ligI insertional mutant ofS. paucimobilisSYK-
6 (strain DLI) lost the ability to grow on vanillate, indicating that vanillate is degraded via the PCA 4,5-cleavage pathway in SYK-6. Dagleyet al
proposed the alternate catabolic route for 3-O-methylgallate catalyzed by a putative dioxygenase and an esterase, which are included in this figure [9,23].

which showed significant similarity to the lignostilbene
a,b-dioxygenase (LSD) genes ofSphingomonas paucimo-
bilis TMY 1009 [18,19]. LSD has been reported to be a
dioxygenase catalyzing the cleavage of the interphenyl dou-
ble bond of lignostilbenes. On the other hand, no sequences
similar to the deduced amino acid sequence of theligI gene
were found in a homology search of the databases. This
suggests that LigI constitutes a unique class of hydrolases.
LigI produced inE. coli was purified to near homogeneity,
and estimated to be a monomer (32 kDa). PDC hydrolase
from Comomonas testosteroni[23] andPseudomonas och-
raceae [28] was able to catalyze the interconversion
between PDC and CHM or OMA. LigI also catalyzed this
reaction. A higher affinity with CHM and OMA than PDC
and a higherVmax for PDC hydrolysis than PDC synthesis
were common features of the PDC hydrolases of strain
SYK-6 andP. ochraceae. Thiol reagents inhibited the LigI
activity, suggesting that a cysteine residue is at the cata-
lytic site.

To examine the involvement of the PDC hydrolase in
vanillate and syringate metabolism inS. paucimobilisSYK-

6, its ligI gene was inactivated by the insertion of a kana-
mycin resistance gene using the gene replacement tech-
nique [36]. The resultingligI insertion mutant strain DLI
was not able to grow on vanillate whereas it was able to
grow on syringate. This indicated that theligI gene is indis-
pensable for growth on vanillate but not for syringate. Van-
illate is degraded through the PCA 4,5-cleavage pathway
illustrated in Figure 1 and Figure 6b. In our earlier study,
we proposed the possibility that syringate is converted to
3-O-methylgallate, which is degraded by LigAB
(Figure 6b). The production of 3-O-methylgallate from syr-
ingate is evident from results obtained with theligH gene
[39]. However, 3-O-methylgallate would be metabolized
mainly through another pathway than the one via PDC, in
which both LigAB and LigI are involved. An alternative
route for 3-O-methylgallate catabolism without going
through PDC was suggested forPseudomonas putidaTMC
[9,23]. In this pathway, a putative dioxygenase is thought to
catalyze the cleavage of 3-O-methylgallate, and an esterase
would release methanol from the ring cleavage product to
produce CHM (or OMA). A similar dioxygenase and ester-
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ase may be involved in syringate catabolism in strain SYK-
6 (Figure 6b). AligAB disruption mutant of strain SYK-6
is expected to address this notion. However, LigAB and
LigI would also play some role in syringate catabolism,
since LigAB and LigI were induced by syringate
(unpublished data).

Perspectives

S. paucimobilisSYK-6 possesses a wide variety of unique
catabolic enzymes involved in degradation of typical
dimeric lignin compounds and their intermediate meta-
bolites. Structural and functional features of a variety of
enzymes and genes involved in lignin catabolism by strain
SYK-6 have been elucidated. The strain SYK-6 lignin cata-
bolic genes characterized so far are novel, suggesting
unique features of the lignin catabolic system in strain
SYK-6. Characterization of the remaining enzyme genes
involved in the degradation ofb-aryl ether, biphenyl, syr-
ingate, and vanillate are in progress. Furthermore, the local-
ization of each lignin degradation gene on the strain SYK-
6 chromosome is underway, and is expected to elucidate
evolutionary aspects of lignin degradation gene clusters.

Recently, 2-pyrone-4,6-dicarboxylate (PDC) has been
focused on as a novel starting material for synthesis of
biodegradable polyamide [50]. We have achieved efficient
production of PDC from PCA using the recombinant strain
P. putidaPpY 1100 carrying pVAD4, which containsligAB
and ligC. Furthermore, a strain SYK-6 mutant (strain DLI)
in which the PDC hydrolase gene (ligI ) was inactivated
would be a powerful tool for production of PDC from
dimeric lignin compounds.

In the future, a combination of the strain SYK-6 specific
enzyme systems for dimeric lignin degradation and the
microbial, especially fungal, degradation systems for high
molecular weight lignin is expected to provide a parti-
cularly invaluable process for the efficient utilization of lig-
nin. The well-characterized enzyme system ofS. paucimo-
bilis SYK-6 for lignin catabolism will serve as a powerful
tool for the construction of the sophisticated process.
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