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Sphingomonas (Pseudomonas) paucimobilis SYK-6 is able to grow on 5,5'-dehydrodivanillic acid (DDVA),
syringate, vanillate, and other dimeric model compounds of lignin as a sole carbon source. Nitrosoguanidine
mutagenesis of S. paucimobilis SYK-6 was performed, and two mutants with altered DDVA degradation
pathways were isolated. The mutant strain NT-1 could not degrade DDVA, but could degrade syringate,
vanillate, and 2,2’,3'-trihydroxy-3-methoxy-5,5’-dicarboxybiphenyl (OH-DDVA). Strain DC-49 could slowly
assimilate DDVA, but could degrade neither vanillate nor syringate, although it could degrade protocatechuate
and 3-O-methylgallate. A complementing DNA fragment of strain DC-49 was isolated from the cosmid library
of strain SYK-6. The minimum DNA fragment complementing DC-49 was determined to be the 1.8-kbp insert
of pKEX2.0. Sequencing analysis showed an open reading frame of 1,671 bp in this fragment, and a similarity
search indicated that the deduced amino acid sequence of this open reading frame had significant similarity
(60%) to the formyltetrahydrofolate synthetase of Clostridium thermoaceticum.

There are many phenylmethylethers in natural aromatic
compounds such as lignin. There have been many investiga-
tions of the microbial degradation of phenylmethylethers (1,
4-9, 30, 32, 34). These investigations have revealed two- or
three-component enzyme systems that include terminal en-
zymes, such as iron-sulfur proteins, and cytochrome P-450-like
enzymes (5-8). The former enzymes require NADH to carry
out an O demethylation reaction (5, 7). C-O bound cleavage
reactions for phenylmethylether under anaerobic conditions
have also been investigated (1, 4, 9, 30, 32, 34). Berman and
Frazer (4) and Stupperich and Konle (30) have noted that
pL-tetrahydrofolate (THF) and ATP are essential to O dem-
ethylation reactions. However, little genetic information about
O demethylation systems is available. Brunel and Davison (6)
reported that the genes vanA and vanB of Pseudomonas sp.
strain ATCC 19151 code for protein components of the mono-
oxygenase system, as in the O demethylation of vanillate.

Sphingomonas (Pseudomonas) paucimobilis SYK-6, a bacte-
rium that can grow on 5,5'-dehydrodivanillic acid (DDVA) as
a sole carbon source, was isolated from pulp-bleaching waste-
water in Japan. This bacterium can also grow on syringate,
vanillate, and several dimeric model compounds of lignin as a
sole carbon source. The metabolic pathways of DDVA and
other dimeric model compounds of lignin in this bacterium, as
depicted in Fig. 1, were described in our previous study (14).
Several genes related to this pathway have been identified (11,
20-22, 26, 27), but the O demethylation reactions have not
been investigated. DDVA, syringate, and vanillate appear to
undergo O demethylation to produce the corresponding phe-
nyldiol compounds. In this bacterium, protocatechuate and
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3-O-methylgallate, from vanillate and syringate, respec-
tively, are cleaved by protocatechuate 4,5-dioxygenase (14,
27), and 2,2’,3'-trihydroxy-3-methoxy-5,5'-dicarboxybiphenyl
(OH-DDVA) is cleaved by a specific dioxygenase (OH-DDVA
dioxygenase) (11). In this study, we induced mutations which
resulted in alterations in the DDVA degradation pathway by
using nitrosoguanidine mutagenesis and selected those mu-
tants still possessing ring fission. The complement DNA of the
new mutant was isolated with the gene library of S. paucimo-
bilis SYK-6, which constructed in the broad-host-range cosmid
vector pVK100. The minimum complement DNA (1.8 kbp) of
a mutant with alterations in vanillate and syringate O demeth-
ylation was determined and sequenced.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and plasmids used in this
study are listed in Table 1. P. paucimobilis wild-type strain SYK-6 was isolated
from pulp-bleaching wastewater as described previously (14). P. paucimobilis
SYK-6 has recently been reclassified as Sphingomonas paucimobilis (28, 35).
Escherichia coli MV1190 and HB101 were used as host cells. A gene library
constructed in the cosmid vector pVK100 (kanamycin resistant) of partially
EcoRI-digested chromosomal DNA from S. paucimobilis SYK-6 has been de-
scribed previously (25). Helper plasmid pRK2013 was used as described in a
previous study (10). Plasmid pKT230MC was constructed from broad-host-range
plasmid vector pKT230 (2) as follows. Plasmid pKT230 was digested by the
restriction enzyme Sacl. The obtained DNA was digested by EcoRI after the
cohesive end of the Sacl site had been removed by T4 DNA polymerase. The
EcoRI-Pyull fragment of pUC119 (13) was then inserted into the resultant pKT230.
Plasmids pKT230MC, pUC118 (13), and pUC119 were used as subcloning vehicles.

Media and growth conditions. E. coli and S. paucimobilis strains were routinely
grown in Luria-Bertani (LB) medium at 37 and 28°C, respectively. When DDVA,
vanillate, and other phenolic compounds were used as a carbon source, each was
added to W medium (36) at a final concentration of 0.2% (wt/vol). Kanamycin
(25 mg/liter), ampicillin (100 mg/liter), and nalidixic acid (25 mg/liter) were
added to selective media.

Substrates, enzyme, and reagents. DDVA, OH-DDVA, and 3-O-methylgal-
late were synthesized as reported previously (14). Vanillate and syringate were
purchased from Tokyo Kasei Co. (Tokyo, Japan). All restriction enzymes, T4
DNA ligase, T4 DNA polymerase, and a Kilosequence kit were obtained from



VoL. 64, 1998

GENE FOR O DEMETHYLATION OF VANILLATE AND SYRINGATE 837

COOH COOH COOH  COOH 0OH
LigZ
OO, = 00—~
HyCO OCH,  HyCO ou COOH
OH OH OH OH H
DDVA OH-DDVA @ Y
el | ®)
I -
H
! |
| COOH 3 COoH OOH
LigH .
e gt 5 LigA, B P
né——j: al | —=> - o T
A | o o, ot o oo
OH OH H
: ocr, | Syringate 3-O-Methylgaliate
CHyO !
on ]
CH, |

- -

Vanillate Protocatechuate

CHO

CH,O0H <|3Hz0H CH,0H
e o HC: o |
L : . bo )it
HEOH oy, LigD OCH, =0
—

'OCH, 'OCH; LigF(E) ocH,

H

COOH
" LigH Lig A, B
> —
CH; OH
OH H

2-Pyrone-4,6-
dicarboxylic acid

OOH . 0OH COOH 00H
Lig C
Z o
| —™ f - | —*
CHO H H
HOOC H o 'COOH HO” “COOH 0% “CooH

COOH

CHA Aldolase 0 e, d—ch-co—coon
H
Pyruvate
Oxaloacetateﬂ\\
TCA cycle

FIG. 1. Degradation pathway of various lignin-related compounds in S. (Pseudomonas) paucimobilis SYK-6 (14). The O demethylation steps of phenylmethylether
are represented by solid arrows. The enzymes catalyzing each step are indicated on the figure as follows: Lig A, B, protocatechuate 4,5-dioxygenase small and large
subunits, respectively (27); Lig C, 4-carboxy-2-hydroxymuconate-6-semialdehyde dehydrogenase (26); Lig D, arylglycerol-B-aryl ether Ca dehydrogenase (20); Lig F(E),
a-keto-a-arylglycerol-B-aryl ether B-etherase isozymes (21, 22); Lig Z, OH-DDVA dioxygenase (11). OH-DDVA is converted to 5-carboxyvanillate with LigZ and LigY.
Lig H, an enzyme related to the O demethylation of vanillate and syringate (this study). 5-Carboxyvanillate decarboxylase (represented by dotted arrow a) activity was
detected in S. paucimobilis SYK-6 cell extract (24), and 3-O-methylgallate was detected by the metabolic experiment with 5-carboxyvanillate (represented by dotted
arrow b) (14). The 2-pyrone-4,6-dicarboxylic acid metabolic pathway is represented according to findings from previous studies (18, 19, 26, 31). CHA aldolase,

4-carboxy-4-hydroxy-2-adipic acid aldolase; TCA cycle, tricarboxylic acid cycle.

Takara Shuzo Co. (Kyoto, Japan). All antibiotics were purchased from Wako
Pure Chemical Industries, Ltd. (Saitama, Japan).

Mutag is and screening. Nitrosoguanidine mutagenesis of S. paucimobilis
SYK-6 was performed as described by Miller (23). The final concentration of
nitrosoguanidine was 50 pg/ml. The mutants were screened for a decrease in the
ability to use DDVA as a carbon source. The capacity to degrade DDVA,
OH-DDVA, syringate, 3-O-methylgallate, vanillate, and protocatechuate by
these mutants was assessed as follows. S. paucimobilis SYK-6 and mutants were
cultured in LB medium containing nalidixic acid (25 mg/liter). When the optical
density at 550 nm (ODss) reached 0.7, the culture was centrifuged. Cells from
the 10-ml culture were washed twice with 50 mM KH,PO,-NaOH buffer (pH
7.0) and resuspended in 0.5 ml of W medium. Next, 0.1 ml of this cell suspension
was added to 0.4 ml of W medium containing 0.2% substrate, and this mixture
was incubated at 28°C with shaking. Utilization of the substrate in the culture was
observed by a decrease in UV absorption at 200 to 350 nm with a UV-2100PC
spectrophotometer (Shimadzu Co., Kyoto, Japan), and the quantity of substrate
was determined by high-performance liquid chromatography analysis (column,
Bondasphere 5 p Cyg, 3.9 by 150 mm; Millipore; mobile phase, 2% acetic acid
and 10% methanol; flow rate, 0.7 ml/min; detection, 280 nm) with the Shimadzu
Co. LC-6A system.

Preparation of cell extracts and enzyme assay. S. paucimobilis SYK-6 and the
mutants were cultured in LB medium containing nalidixic acid (25 mg/liter). The
mutants having pVK100, pKT230MC, or their derivatives were cultured in LB
medium containing nalidixic acid (25 mg/liter) and kanamycin (25 mg/liter).
When ODs; s reached 0.7, the cultures were centrifuged. Cells from the 100-ml
cultures were washed twice with 50 ml of 50 mM KH,PO,-NaOH buffer (pH 7.0)
and resuspended in 5 ml of the same buffer. The cell suspensions were subjected
to sonication at 0°C to disrupt the cells, which were then centrifuged at 10,000 X
g for 20 min at 4°C. The supernatants were then used as cell extracts for the
enzyme reactions. The extracts were assayed by a protein assay kit (Bradford type
of reagent) purchased from Bio-Rad Laboratories, Inc., Richmond, Calif.). The
protocatechuate and OH-DDVA dioxygenase activities were measured as fol-
lows. One milliliter of 50 mM KH,PO,-NaOH buffer (pH 7.0) containing 1 to 3
mg of protein from the cell extract per ml of buffer was prepared in a 2-ml-

volume reaction cuvette (lijima Denshi Co., Aichi, Japan) at 30°C. Protocat-
echuate or OH-DDVA was added to the reaction mixture to final concentrations
of 0.6 and 1.2 mM, respectively, and then the substrate-dependent oxygen con-
sumption was examined with a galvanic cell electrode purchased from lijima
Denshi Co. The O demethylation activities of vanillate and syringate were mea-
sured as follows. The complete reaction mixture contained (in a final volume of
1 ml) 20 mM Tris-HCI buffer (pH 7.5), 3.5 mM MgCl,, 5 mM tetrahydrofolate,
5mM ATP, 1 mM EDTA, 1 mM substrate (vanillate or syringate), and 1 to 3 mg
of protein from the cell extract. After incubation for 3 h at 30°C, the reaction
mixture was acidified to pH 2 with 2 M hydrochloric acid and then extracted
twice with 0.5 ml of ethyl acetate. The total organic solvent was then completely
evaporated, and the residue was dissolved in 0.1 ml of pyridine. A 0.02-ml
portion of the pyridine solution was mixed with the same volume of N,0-bis
(trimethylsilyl)-trifluoroacetamide (Tokyo Kasei Co.). After incubation for 30
min at room temperature, protocatechuate and 3-O-methylgallate in the result-
ant reaction mixtures were subjected to gas chromatography analysis with a
GC-390 gas chromatograph with a flame ionization detector (GL Science Co.,
Tokyo, Japan). A CP-Sil SCB capillary column (0.32 mm by 25 m; GL Science
Co.) was used. The oven temperature program was as follows: initial, 100°C;
final, 280°C; rate of increase, 5°C/min. The carrier gas was N,, with a flow rate
of 10 ml/min.

Cloning and nucleotide sequencing. All of the recombinant DNA methods
used to construct the plasmids or to study the cloned fragments have been
described previously (17). Shotgun cloning of the genes involved in O demethy-
lation proceeded as follows. The cosmid library was introduced into the cells of
S. paucimobilis DC-49 by the triparental mating method (10). Exconjugants were
screened on LB medium plates containing kanamycin and nalidixic acid. Colo-
nies growing on the plates were patched on W medium plates containing DDVA,
vanillate, or syringate as a carbon source. Strains able to grow on these plates
were complemented with recombinant cosmids. The various deletion derivatives
(Table 1) of the pDE20 plasmid were constructed with the restriction endonucle-
ases and exonucleases of the Kilosequence kit. Subcloning was performed with
the plasmids pUC118, pUC119, and pKT230MC, and a minimum DNA fragment
was determined by complementation of the degradation and assimilation abilities
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TABLE 1. Bacteria and plasmids used in this study

ApPL. ENVIRON. MICROBIOL.

Strain or plasmid

Genotype or phenotype

Source or reference

Strains
E. coli
HB101
MV1190

S. paucimobilis

supE44 hsdS20 recA13 proA2 lacYl galK2 rpsL20 xyl-5 mtl-1 ara-14 leuB6 thi-1
d(lac-proAB) thi supE d(sri-recA) 306::Tnl0(Tet") F' [traD36 proAB™ lacI® Zd M15]

Takara-Shuzo Co.
Bio-Rad Laboratories, Inc.

SYK-6 Wild type, Nal" Sm* 14
NT-1 Mutant derived from SYK-6, deficient in DDVA O demethylation, Nal" Sm" This study
DC-49 Mutant derived from SYK-6, deficient in vanillate and syringate O demethylation, This study
Nal" Sm"
Plasmids
pUC118 Ap" 13
pUC119 Ap" 13
pRK2013 tra” Km" derivative of RK2 containing ColE1 replicon 10
pVK100 mob™ Km" derivative of RK2 containing ColE1 replicon; S. paucimobilis SYK-6 24
cosmid library constructed with this plasmid
pKT230MC pKT230(2) derivative + 200-bp EcoRI-Pvull fragment of pUC119 in the EcoRI-Sacl This study
site of pKT230 mob* RSF1010/pACYC177 replicon Km"
pDE20 pVK100 derivative cosmid; 20-kbp EcoRI fragment of S. paucimobilis SYK-6 This study
chromosomal DNA inserted into EcoRI site of pVK100, Km" Tc"
pV9 pDE20 derivative with 11-kbp BamHI fragment of the 20-kbp EcoRI fragment of This study
pDE20 deleted, Km" Tc"
pUV9 9-kbp EcoRI fragment from pV9 inserted into EcoRI site of pUCI119, Ap” This study
pUBG.5 6.5-kbp BamHI fragment from pV?9 inserted into BamHI site of pUC119, Ap" This study
pUSBS5.0 5.0-kbp Smal-BamHI fragment from pV9 inserted into Smal-BamHI of pUCI119, Ap* This study
pUP4.0 4.0-kbp PstI fragment (blunted) from pV9 inserted into Smal site of pUC119, Ap" This study
pUEX3.0 pUSB5.0 derivative, 2.0-kbp region from BamHI side of the 5.0-kbp Smal-BamHI This study
fragment of pUSB5.0 deleted, Ap”
pUEX2.0 pUSBS5.0 derivative, 3.0-kbp region from BamHI side of the 5.0-kbp Smal-BamHI This study
fragment of pUSB5.0 deleted, Ap”
pUEX2.0u 2.0-kbp EcoRI-Xbal fragment from pUEX2.0 inserted into EcoRI-Xbal of pUCI118, This study
Ap”
pKV9 9-kbp EcoRI fragment from pV9 inserted into EcoRI site of pKT230MC, Km" This study
pKB6.5 6.5-kbp EcoRI-Xbal fragment from pUB6.5 inserted into EcoRI-Xbal of pKT230MC, This study
Kl,nf
pKSBS5.0 5.0-kbp EcoRI-Xbal fragment from pUSBS5.0 inserted into EcoRI-Xbal of This study
pKT230MC, Km"
pKP4.0 4.0-kbp EcoRI-Xbal fragment from pUP4.0 inserted into EcoRI-Xbal of pKT230MC, This study
Kl,nf
pKEX3.0 3.0-kbp EcoRI-Xbal fragment from pUEX3.0 inserted into EcoRI-Xbal of This study
pKT230MC, Km"
pKEX2.0 2.0-kbp EcoRI-Xbal fragment from pUEX2.0 inserted into EcoRI-Xbal of This study

pKT230MC, Km"

for vanillate and syringate of mutant DC-49. Nucleotide sequencing was per-
formed by the dideoxy-chain termination method with an Auto Sequence kit and
A. L. F. DNA Sequencer II obtained from Pharmacia Biotech (Uppsala, Swe-
den). The nucleotide sequence between the EcoRI and Xbal restriction sites of
pUEX2.0 was determined. The nucleotide and deduced amino acid sequences
were analyzed with GENETIX version 7.0 software (Software Development Co.,
Ltd. Tokyo, Japan), and a similarity search was carried out with the DDBJ database.

SDS-PAGE. An overnight culture of the E. coli strain harboring the plasmids
was inoculated onto fresh medium. When the ODss, of the culture reached 0.1,
isopropyl-B-p-thiogalactopyranoside (IPTG) was added to create a final concen-
tration of 1 mM. When the ODss, reached 0.8, 1 ml of the culture was centri-
fuged, and the cells were suspended in 50 wl of lysis buffer. Samples were boiled
for 2 min, and 10 pl of each was subjected to 0.1% sodium dodecyl sulfate
(SDS)-7.5% polyacrylamide gel electrophoresis (PAGE) (15). After electro-
phoresis, the gel was stained with Coomassie brilliant blue.

Nucleotide sequence accession number. The nucleotide sequence data deter-
mined for this paper appear in the DDBJ, EMBL, and GenBank nucleotide
sequence databases under accession no. AB006079.

RESULTS

Isolation of S. paucimobilis SYK-6 mutants altered in O
demethylation. DDVA, syringate, and vanillate appeared to

undergo O demethylation, and the corresponding phenyldiol
compounds are presented below. Protocatechuate and 3-O-
methylgallate, from vanillate and syringate, respectively, are
cleaved by protocatechuate 4,5-dioxygenase; OH-DDVA, from
DDVA, is cleaved by the specific dioxygenase (OH-DDVA
dioxygenase) in this bacterium, as described previously (11,
14). Thus, mutants defective in O demethylation would not be
able to degrade DDVA, syringate, or vanillate, but would re-
tain the corresponding ring fission enzymes. Two mutants of
this type were isolated following nitrosoguanidine mutagene-
sis. The mutant strain NT-1 could not degrade DDVA but
could degrade syringate and vanillate. OH-DDVA dioxygenase
activity was detected in the cell extract. Strain DC-49 assimi-
lated DDVA slowly. This strain could not degrade vanillate or
syringate, but it could degrade protocatechuate and 3-O-meth-
ylgallate. Protocatechuate 4,5-dioxygenase activity was de-
tected in the cell extract (Table 2). Strain DC-49 appeared to
be able to grow on DDVA by using the 5-carboxyvanillate
hydroxylation pathway, as shown in Fig. 1. The degradation



VoL. 64, 1998

GENE FOR O DEMETHYLATION OF VANILLATE AND SYRINGATE 839

TABLE 2. Degradation ability and dioxygenase activity of the mutant and recombinant strains

Degradation ability”

Enzyme activity”

Strain

DDVA OH-DDVA Syringate 3-O-Methylgallate Vanillate Protocatechuate Er;)t((j)_c atechuate O.H'DDVA
,5-dioxygenase dioxygenase
SYK-6 ++ ++ ++ ++ ++ ++ ++ ++
NT-1 - ++ ++ ++ ++ ++ ++ +
NT-1(pDE20) - ++ ++ ++ ++ ++ ++ +
DC-49 +/— + - + - + ++ +
DC-49(pDE20) ++ ++ ++ ++ ++ ++ ++ ++

“ ++, more than 90% of substrate in W medium was degraded for 24 h; +, more than 50% of substrate in W medium was degraded for 48 h; +/—, more than 20%
of substrate in W medium was degraded for 72 h; —, more than 95% of substrate remained in W medium after 72 h.
® Substrate-dependent O, consumption was measured for 1 min after the addition of substrate. ++, more than 30 nmol of O, consumption per mg of protein; +,

more than 10 nmol of O, consumption per mg of protein.

and enzymatic data suggest that strain NT-1 is a mutant that is
defective in the O demethylation of DDVA, and the mutation
in strain DC-49 is related to the O demethylation of both
vanillate and syringate.

Cloning of genes involved in vanillate and syringate O de-
methylation. Shotgun cloning of complement DNA for strain
DC-49 was conducted as described in Materials and Methods.
Five exconjugants, which were selected independently, were
able to grow significantly better on the W medium containing
DDVA as a carbon source than did the recipient strain, DC-49.
All exconjugants harbored the recombinant plasmid pDE20,
which possesses 20-kbp EcoRI fragments at the EcoRI site of
pVK100. Conjugation experiments with the strains DC-49 and
NT-1 and the plasmid pDE20 were performed, and the deg-
radation ability of exconjugants for DDVA, vanillate, and sy-
ringate was confirmed (Table 2). Plasmid pDE20 could com-
plement the O demethylation of vanillate and syringate in
strain DC-49. However, strain NT-1 was not complemented by
pDE20 (Table 2). Subcloning experiments revealed that the
1.8-kbp region in the 6.5-kbp BamHI fragment of the pDE20
insert was able to complement the vanillate and syringate O
demethylation of strain DC-49, as shown in Fig. 2.

Sequencing of the 1.8-kbp DNA fragment of pUEX2.0. The
nucleotide sequence between the EcoRI and Xbal restriction

sites of pUEX2.0 was determined. The sequence of this region
had a G+C content of 65%. Computer analysis of the nucle-
otide sequence indicated only one open reading frame (ORF).
The deduced gene product of this ORF consists of 557 amino
acid residues, and the molecular weight was calculated to be
59,422. Computer analysis also showed that 90% of third bases
of codons were G or C. The codon usage of this ORF was quite
similar to that in other genes of S. paucimobilis SYK-6 (20-22,
26, 27). The ORF, designated here as ligH, thus appears to be
a functional gene. This is supported by the finding that there is
a sequence resembling a ribosome-binding site upstream from
the putative ATG initiation codon (data not shown). A simi-
larity search indicated that the deduced amino acid sequence
of LigH has significant similarity (60%) to formyltetrahydro-
folate synthetase of Clostridium thermoaceticum (Fig. 3) (16),
Clostridium cylindrosporum (29), and Clostridium acidiurici
(33). Lovell et al. (16) reported two putative ATP binding
residues in formyltetrahydrofolate synthetase of C. thermoace-
ticum, and additional conserved regions in formyltetrahydro-
folate synthetase were suggested by the PROSITE database
(3) under accession no. PS00721 and PS00722. These regions
were conserved in the primary structure of the /igH gene prod-
uct, LigH (Fig. 3).

degradation ability of DC-49 recombinant

vanillate syringate
. ++ ++
EcoRI EcoRI
BamHI Smal Pstl BamHI \
Smal Pst1
pKB6.5 | - : — ++ ++
pKSB5.0 ++ ++
pKP4.0 - -
pKEX2.0 ——1 +-+ ++
———

FIG. 2. Deletion analysis of complementation ability for vanillate and syringate degradation of strain DC-49. The plasmid construction is indicated in Table 1. The
degradation ability is represented according to Table 2. The location and direction of the /igH gene are indicated by an arrow.
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FIG. 3. Amino acid alignment between LigH and formyltetrahydrofolate synthetase (FTHS) of C. thermoaceticum (16). Identical and similar amino acids are
indicated by asterisks and colons, respectively. Residues proposed as putative ATP binding regions in FTHS of C. thermoaceticum are in boldface (16). Some important
conserved regions in FTHSs suggested by PROSITE database (3) under accession no. PS00721 and PS00722 are boxed.

Detection of the ligH gene product. To detect the ligH gene
product in E. coli, cellular proteins were analyzed by SDS-
PAGE (Fig. 4). A large amount of protein with a molecular
weight of 60,000 was found in the Ilysate of strain
MV1190(pUEX2.0u) following the addition of IPTG to the
culture. The molecular weight of this protein was consistent
with that of the ligH gene product deduced from the nucleotide
sequence.

Detection of O demethylation activity. The primary structure
of LigH suggested that its enzymatic reaction may require THF
and ATP. The enzymatic activity of O demethylation in strain
SYK-6, DC-49, and DC-49’s recombinant strain were assayed
(Table 3). The O demethylation activity of vanillate and syrin-
gate was detected in the cell extracts of strain SYK-6 and
DC-49 harboring plasmid pKEX2.0 when THF was added to
the reaction mixture, but ATP was not required in the O
demethylation reaction. It was demonstrated that the complete
O demethylation reaction of vanillate and syringate was de-
pendent on THF in S. paucimobilis SYK-6. In addition, the
requirement of the ligH gene for the O demethylation reaction
of vanillate and syringate was confirmed (Table 3).

DISCUSSION

The gene involved in the O demethylation of a key interme-
diate in the biodegradation of lignin, vanillate, and syringate
was cloned and sequenced. We were able to isolate two types
of O demethylation-altering mutants of S. paucimobilis SYK-6.

The mutant strain NT-1 could not degrade DDVA, but could
degrade syringate, vanillate, and OH-DDVA. The mutant
strain DC-49 could not degrade vanillate and syringate,
whereas it could degrade protocatechuate and 3-O-methylgal-
late. The phenotypes of these mutants were very stable, and
the complement DNA, pDE20, of strain DC-49 was isolated
from the cosmid library of strain SYK-6. Subcloning and
complementation analysis revealed minimum plasmid
pKEX2.0 (Fig. 2). The only ORF (designated /igH) found in
the 1.8-kbp insert of plasmid pKEX2.0 had a coding capacity of
557 amino acids. To detect the ligH gene product in E. coli,
cellular proteins were analyzed by SDS-PAGE (Fig. 4). A large
amount of protein with a molecular weight of 60,000 was found
in the lysate of strain MV1190 (pUEX2.0u) after the addition
of IPTG to the culture. The molecular weight of this protein
was consistent with that of the ligH gene product deduced from
the nucleotide sequence.

It is of interest that only the ligH gene could complement
both vanillate and syringate O demethylation of strain DC-49,
but it was not complemented in NT-1 by pDE20 (Table 2).
Thus, it appears that S. paucimobilis SYK-6 has two systems for
the O demethylation of phenylmethylether and that the O
demethylation of both vanillate and syringate is catalyzed by
same enzyme. This is also seen in the protocatechuate 4,5-
dioxygenase encoded by ligAB of this bacterium, which oxi-
dized both protocatechuate and 3-O-methylgallate (14), but
not OH-DDVA. S. paucimobilis SYK-6 has the OH-DDVA-
specific ring fission enzyme encoded by ligZ as described pre-
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FIG. 4. Detection of the ligH gene product. Total cellular proteins of strains
grown in LB medium were electrophoresed. Lane 1, MV1190(pUC119); lane 2,
MV1190(pUEX2.0u) plus IPTG.

viously (11). To investigate another O demethylation (DDVA-
specific) system, further studies including the determination of
the gene or genes complementing mutant NT-1 are presently
being conducted in our laboratory.

A similarity search revealed that the deduced amino acid
sequence of the LigH that complemented the mutation related
to the O demethylation ability of vanillate and syringate of
strain DC-49 showed significant similarity (60%) to formyltet-
rahydrofolate synthetase from C. thermoaceticum (Fig. 4) (16),
C. cylindrosporum (29), and C. acidiurici (33). It was reported
that the formyltetrahydrofolate synthetase reaction required
ATP (12). The primary structure of LigH suggested that its
enzymatic reaction may require THF and ATP. In fact, the
THF-dependent O demethylation activity of vanillate and sy-
ringate was detected in the cell extract of S. paucimobilis
SYK-6 and DC-49 conjugated with plasmid pKEX2.0, which
possessed the ligH gene (Table 3). However, ATP was not
required for the reaction, whereas putative ATP binding re-
gions were conserved in the primary structure of LigH (Fig. 3).
Unfortunately, at this time, we cannot explain the functions of
conserved regions, including the putative ATP binding regions

TABLE 3. Enzymatic activity of O demethylation of cell extracts

O-Demethylation activity”
(nmol of protocatechuate or
3-O-methylgallate/60 min/

Strain Substrate .
mg of protein)

Complete®  —THF —ATP

DC-49 Vanillate <0.3 0 <0.3

Syringate <0.3 0 <0.3
DC-49(pKEX2.0) Vanillate 11.0+x13 <0.3 8.0=* 1.6
Syringate 93+x15 <03 8.0+ 1.7
SYK-6 Vanillate 125 £ 1.5 <0.3 113 £ 1.5
Syringate 8.8 =23 <0.3 7.8 £ 1.8

¢ Each value is the mean * standard deviation of duplicate reactions.
® Complete reaction mixture was indicated in Materials and Methods.
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of LigH. Berman and Frazer (4) and Stupperich and Konle
(30) reported the existence of a THF- and ATP-dependent O
demethylation system in anaerobes. S. paucimobilis SYK-6 was
able to O demethylate three phenylmethylethers (DDVA, va-
nillate, and syringate) under aerobic conditions. It has been
reported that aerobic bacteria use hydroxylating enzymes to
cleave O-methylether linkages, and the enzymes require
NADH (5, 7). However, neither NADH nor ATP was required
for the O demethylation reaction of vanillate and syringate in
S. paucimobilis SYK-6 (Table 3). Therefore, the O demethy-
lation reaction in S. paucimobilis would appear to be different
from those previously reported for the anaerobic and aerobic
O demethylation systems.

We concluded that the formyltetrahydrofolate synthetase-
like protein LigH must be essential to the O demethylation
system of vanillate and syringate in S. paucimobilis SYK-6.
Additional biochemical experiments will obviously be needed
to obtain a better understanding of the mode of action for
LigH.
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