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A novel salicylate-degrading Streptomyces sp., strain WA46, was identified by UV fluorescence on solid
minimal medium containing salicylate; trace amounts of gentisate were detected by high-pressure liquid
chromatography when strain WA46 was grown with salicylate. PCR amplification of WA46 DNA with degen-
erate primers for gentisate 1,2-dioxygenase (GDO) genes produced an amplicon of the expected size. Sequential
PCR with nested GDO primers was then used to identify a salicylate degradation gene cluster in a plasmid
library of WA46 chromosomal DNA. The nucleotide sequence of a 13.5-kb insert in recombinant plasmid pWD1
(which was sufficient for the complete degradation of salicylate) showed that nine putative open reading frames
(ORFs) (sdgABCDEFGHR) were involved. Plasmid pWD1 derivatives disrupted in each putative gene were
transformed into Streptomyces lividans TK64. Disruption of either sdg4 or sdgC blocked salicylate degradation;
constructs lacking sdgD accumulated gentisate. Cell extracts from Escherichia coli DH5a transformants
harboring pUC19 that expressed each of the sdg ORFs showed that conversions of salicylate to salicylyl-
coenzyme A (CoA) and salicylyl-CoA to gentisyl-CoA required SdgA and SdgC, respectively. SdgA required CoA
and ATP as cofactors, while NADH was required for SdgC activity; SdgC was identified as salicylyl-CoA
5-hydroxylase. Gentisyl-CoA underwent spontaneous cleavage to gentisate and CoA. SdgA behaved as a
salicylyl-CoA ligase despite showing amino acid sequence similarity to an AMP-ligase. SdgD was identified as
a GDO. These results suggest that Streptomyces sp. strain WA46 degrades salicylate by a novel pathway via a
CoA derivative. Two-dimensional polyacrylamide gel electrophoresis and reverse transcriptase-PCR studies
indicated that salicylate induced expression of the sdg cluster.

Streptomycetes are one of the most abundant microbial gen-
era in soil and are well known for their ability to produce
biologically active small molecules, such as antibiotics. The
biosynthesis of secondary metabolites has been investigated
thoroughly by biochemical and genetic analyses, and many
different pathways have been characterized. More than 5% of
the genes of streptomycetes appear to be involved in the pro-
duction of small molecules (3, 46). In contrast, although strep-
tomycetes are saprophytic and known to play important roles
in biotransformation and biodegradation in nature, the meta-
bolic pathways have been little studied (7, 26, 32).

Bacterial biodegradation has been extensively characterized
in gram-negative bacteria; Pseudomonas species are capable of
degrading many organic compounds, including chlorinated
polyaromatics (35, 65). Among the gram-positive bacteria,
Rhodococcus spp. are effective in the biodegradation of a wide
range of xenobiotics (11, 13, 58, 60, 63). Comparative studies
have indicated that there are often differences between bio-
degradation processes in gram-positive and -negative bacteria
(11, 17, 54, 58).

Salicylate is widely produced by plants and some bacterial
genera, e.g., Pseudomonas and Vibrio spp. (23, 59), and has
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many biochemical functions (19, 49, 56). The compound and
its derivatives (for example, acetylsalicylate) have been em-
ployed medicinally for thousands of years. In some bacteria,
salicylate is active as a siderophore (23) and also plays a role in
gene regulation, such as the expression of antibiotic resistance
(10). It has been identified as an intermediate in the bacterial
degradation of naphthalene and naphthoquinone (5, 44, 65).

Salicylate degradation has been studied in Pseudomonas
spp., and catechol and gentisate are key intermediates in the
two known pathways (9, 24, 27, 65). Salicylate is converted to
catechol and gentisate by salicylate hydroxylase (4, 6) and
salicylate 5-hydroxylase (22, 27), respectively. The gentisate
pathway appears to be less common than the catechol pathway.
The benzene ring of catechol is cleaved by a 1,2-dioxygenase or
2,3-dioxygenase (1, 40), whereas gentisate is cleaved by genti-
sate 1,2-dioxygenase (GDO) (8, 18, 21, 62, 67). Investigations
of salicylate degradation in gram-positive bacteria, including
Streptomyces spp., have revealed the presence of both pathways
(26). However, no molecular studies of these processes have
been reported. We describe the isolation of salicylate-degrad-
ing streptomycetes and the molecular and functional analysis
of the associated degradation pathways.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. Streptomyces sp. strain WA46 was
isolated from a cornfield in Ohio. Streptomyces sp. strains DSM40278 and
DSM40302 were provided by R. Eichenlaub. Streptomyces lividans TK64 came
from the laboratory collection. Competent cells of Escherichia coli DH5« and
DHI10B and plasmids pUC18, pUC19, and pZErO-2 were purchased from In-
vitrogen. The plasmids used are listed in Table 1. pWHM®601, a Streptomyces/E.
coli shuttle vector, was provided by C. R. Hutchinson. Minimal salts-yeast extract
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TABLE 1. Plasmids used in this study
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Plasmid Description Source or Reference

pUC18 Cloning and expression vector 64

pUCI19 Cloning and expression vector 64
pZErO-2 Cloning vector Invitrogen
pWHMO601 16.5-kb bifunctional cloning and expression vector, Ap*, multiple cloning site in lacZa C. R. Hutchinson
pWD1 13.5-kb fragment from strain WA46 inserted into pWHMG601 This study
pWD2 21.4-kb fragment from strain WA46 inserted into pWHMO601 This study
pWD4 21.3-kb fragment from strain WA46 inserted into pWHMO601 This study
pWD1H1 17.2-kb HindIII fragment from pWD1 This study
pWDI1H2 12.9-kb HindIII fragment from pWD1 inserted into pUCI18 This study
pZErOH2 12.9-kb HindIII fragment from pWD1 inserted into pZErO-2 This study
pWDA4E4 3.5-kb EcoRI fragment from pWD4 inserted into pUCI18 This study
pWD1H2D1 sdgABCGH-disrupted pWD1H2 This study
pWDI1H2D2 sdgDEF-disrupted pWD1H2 This study
pWD4E4SX 4.7-kb Sstl/Xbal fragment from pWD4E4 This study
pWDI1S1 4.7-kb SstI fragment from pWD1 inserted into pUCI18 This study
pWD1D1 pWD1 with sdgABCGH disrupted by Clal This study
pWD1D2 pWD1 with sdgDEF disrupted by Fsel This study
pWD1D4 pWD1 with sdgD disrupted by deletion at Scal site This study
pWDI1D5 pWD1 with sdgE disrupted by deletion at Sgfl site This study
pWD1D6 pWD1 with sdgF disrupted by deletion at BamHI and Xhol sites This study
pWD1D7 pWD1 with sdgC disrupted by deletion at Bsp1191 site This study
pWD1DS8 pWD1 with sdgB disrupted by Mva12691 site This study
pWDI1D9 pWD1 with sdgA disrupted by deletion at Bg/II site This study
pWD1D10 pWD1 with sdgG disrupted by deletion at Bpu1102I site This study
pWDID11 pWD1 with sdgH disrupted by deletion at Stul site This study
p18sdgA-p18sdgF PCR fragment containing each sdgA-sdgF inserted into pUCI18 to express inverted gene This study
p19sdgA-p19sdgF PCR fragment containing each sdgA-sdgF inserted into pUC19 to express correct gene This study

medium (MSYE) contained (per liter) 0.1 g of (NH,),SO,, 0.1 g of NaCl, 0.2 g
of MgSO, - TH,0, 0.01 g of CaCl,, 1 g of K,HPO,, 0.5 g of KH,PO,, and 0.5 g
of yeast extract. Freeze broth contained (per liter) 5 g of yeast extract, 10 g of
tryptic soy broth (TSB), 5 g of NaCl, 6.3 g of K,HPO, - 3H,0, 1.8 g of KH,PO,,
0.46 g of sodium citrate, 0.9 g of (NH,),SO,, and 4.5% glycerol.

Soil sampling and strain isolation. Soil samples were collected from various
sites and air dried for several days at room temperature; 1 g was suspended in 5
ml of sterile water, mixed by vortexing (30 s), and diluted 100-fold, and 50 I was
spread on ISP4 agar (Difco) containing 20 pg of cycloheximide and 60 wg of
benomyl (to inhibit fungal growth) per ml. Following incubation at 30°C for up
to 9 days, sporulating colonies were picked and purified on ISP4. Genus identi-
fication was performed by PCR with primers for 16S ribosomal DNA (rDNA)
and sequencing of the amplified DNA. The primers are shown in Table 2.
Amplification conditions were denaturation at 96°C for 3 min; 30 cycles of
denaturation at 96°C for 3 min, annealing at 60°C for 30 s, and polymerization at
72°C for 90 s; and final polymerization at 72°C for 10 min. The 1.1-kb amplicon
was purified by agarose gel electrophoresis and cloned with a TOPO TA cloning
kit (Invitrogen).

Colony screening for salicylate degradation. Salicylate fluoresces strongly un-
der UV transillumination (312 nm), and this fluorescence is readily detected on
MSYE agar. Gentisate could also be detected, but not catechol. Streptomyces
strains were incubated on MSYE agar containing 0.1% salicylate at 30°C for
several days, and salicylate degradation was detected by UV transillumination.
Positive strains were confirmed by loss of salicylate, as detected by high-pressure
liquid chromatography (HPLC) analyses following incubation in MSYE contain-
ing 1 mM salicylate.

DNA preparation. Genomic DNA from Streptomyces sp. strain WA46 was
prepared as described in Practical Streptomyces Genetics (36) with minor modi-
fications. WA46 was incubated in TSB (20 ml) for 4 days at 30°C, and the cells
were collected by centrifugation and frozen at —20°C. After thawing, 5 ml of
Tris-EDTA (TE) buffer and 5 ml of methanol-chloroform (1:2) were added and
the mixture was shaken gently for 30 min. After centrifugation, the organic and
water layers were removed and the organic solvent evaporated at 50°C for 30
min. Five milliliters of TE and 0.5 ml of 1 M Tris-HCI (pH 9.0) containing 10 mg
of lysozyme were added, and the mixture was incubated at 37°C overnight.
One-tenth volume of 10% sodium dodecyl sulfate-polyacrylamide and 0.01 vol-
ume of 10-mg/ml proteinase K were added to the mixture, and incubation
continued at 55°C for 4 h. Phenol-chloroform (1:1) was added and the mixture
was centrifuged. The aqueous layer was removed and reextracted, and the DNA

was precipitated with isopropanol, dissolved in TE, digested with RNase, and
precipitated as described above.

Construction of a genomic DNA library of Streptomyces sp. strain WA46.
Genomic DNA was partially digested with Sau3Al and electrophoresed on an
agarose gel (0.7%). DNA fragments of 10 to 23 kb were isolated with the Qiaex
II gel extraction kit (Qiagen), ligated with BamHI-digested pWHMG601 DNA
(dephosphorylated with shrimp alkaline phosphatase), and electroporated into
E. coli DH10B. Transformants were plated on Luria-Bertani (LB) medium
containing 50 pg of apramycin and 100 wg of isopropyl-B-p-thiogalactopyrano-
side (IPTG) per ml and incubated at 37°C overnight; 3,840 colonies were picked
into 384-well microtiter plates with Freeze broth containing 50 pg of apramycin
per ml, incubated at 37°C overnight, and stored at —80°C.

PCR amplification of the GDO gene. The degenerate primers GDOF1 and
GDOR3 (Table 2) were designed from the known sequence of GDO. A 198-bp
fragment was PCR amplified from strain WA46 chromosomal DNA and cloned
by the TOPO TA cloning method. Nucleotide sequence analysis and BLAST
search confirmed that the amplicon was derived from a GDO. Based on this
sequence, the nested primers GDOF6 and GDOR4 were used to amplify a
163-bp fragment of DNA from strain WA46.

PCR screening for the salicylate degradation cluster. A sequential PCR pro-
cedure with nested GDO primers was employed to screen the strain WA46 clone
library. The first PCR step identified which microtiter plate possessed a positive
clone. The second PCR step detected a lane in the plate with a positive clone.
The third PCR step identified positive clones. Half of the contents of each
384-well plate of the gene library was pooled, and total plasmid DNA was
isolated with a Qiagen plasmid minikit (Qiagen). Each DNA isolate was there-
fore a mixture of 192 different plasmids. The plasmid DNA mixture was then
used as the template in the next PCR with the nested primers. The colonies of
each pair of lanes were pooled, and total plasmid DNA was extracted by boiling.
These DNA preparations were used in the second PCR step. Finally, plasmid
DNA was extracted by boiling from each clone in the positive lane, and the
positive clones were identified by a final PCR amplification.

Gene disruption procedure. To identify individual gene functions within the
sdgABCDEFGH cluster, various manipulations of pWD1 were carried out (sum-
marized in Table 1). As an example, pWD1D1 (sdgC to sdgH disruption) was
prepared as follows. pWD1 DNA was digested with HindIII to generate two
fragments, pWD1H1 (a 17.2-kb fragment containing pWHM601 and a 0.7-kb
insert) and a 12.9-kb fragment that includes most of the sdg cluster. The 12.9-kb
fragment was subcloned into pUC18 to give pWD1H2, which was digested with
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Primer Sequence (5'-3") Purpose
16S-440F AGCAGGGAAGAAGCG(A/T/C)(A/G)AGT Forward primer for 16S rDNA
16S-1491R CGGCTACCTTGTTACGACTTC Reverse primer for 16S rDNA
GDOF1 CC(C/G)GG(C/G)GAGIT(C/G)GC(C/G)CC Forward degenerate primer for GDO
GDOR3 GTC(C/G)AI(C/G)CCGTC(C/G)AGCCA Reverse degenerate primer for GDO
GDOF6 CTCACACCGGCACAGCCA Forward nested primer for GDO
GDORA4 GCCATCGGCTCGTCGGTGA Reverse nested primer for GDO
sdgAEXF AAAAGCTTTCATATGACGCGTGAGGGATTCGTG Forward primer for sdgA expression
sdgAEXR AATCTAGATTGATCACACCGCCTCGACGGAGT Reverse primer for sdgA expression
sdgBEXF AAAAGCTTTCATATGACCGCCCTGGACCTGCTG Forward primer for sdgB expression
sdgBEXR AATCTAGATTGATCACGCGTCATCGGATCCTCC Reverse primer for sdgB expression
sdgCEXF AAAAGCTTTCATATGAAAGTTGCCTGCATCGGCG Forward primer for sdgC expression
sdgCEXR AATCTAGATTGATCACTTGGTGCCTCCGACGA Reverse primer for sdgC expression
sdgDEXF AAAAGCTTTCATATGACCGACACCACCAGCGAAC Forward primer for sdgD expression
sdgDEXR AATCTAGATTGATCACTTGTGTTCTCCTCGGGA Reverse primer for sdgD expression
sdgEEXF AAAAGCTTTCATATGAAGCTCGCCACCATCCGG Forward primer for sdgE expression
sdgEEXR AATCTAGATTGATCACTGTGTCTCCCGGCGGCA Reverse primer for sdgE expression
sdgFEXF AAAAGCTTTCATATGAGCGCACGCCCGGCGGC Forward primer for sdgF expression
sdgFEXR AATCTAGATTGATCACAGCCACGCGGGCAGTGT Reverse primer for sdgF expression
sdgGEXF AAAAGCTTTCATATGCTCAGCTTCGGTCACCTC Forward primer for sdgG expression
sdgGEXR AATCTAGATTGATCATTCCCCTTCGCAGATGCC Reverse primer for sdgG expression
sdgHEXF AAAAGCTTTCATATGTCACCGCGCAACCAGACC Forward primer for sdgH expression
sdgHEXR AATCTAGATTGATCAGGCGTGGTGCTTGTCGA Reverse primer for sdgH expression
sdgRF GATGCTCGTCTTCGAGGGATTC Forward primer for sdgR detection
sdgRR CTCCTGGAGATTGATGGCGTAG Reverse primer for sdgR detection
sdgAF CCATGACGACTACGAGTACAAC Forward primer for sdg4 detection
sdgAR CCTGCGTCTCGATCTTGATGTC Reverse primer for sdgA detection
sdgBF ATCTCAACAACCCGGTAGACAC Forward primer for sdgB detection
sdgBR CACTTCCGTCTTGTGCAGGATC Reverse primer for sdgB detection
sdgCF ATCTGGTTCGGCACCACTTACA Forward primer for sdgC detection
sdgCR GTTCTGGATCCTCTCGACCTTG Reverse primer for sdgC detection
sdgDF AGGTTCGTCGTCGAAGGCGAA Forward primer for sdgD detection
sdgDR TGGCGATCTCGAAGACCTTGTC Reverse primer for sdgD detection
sdgEF TCGTGTGTGTCGGTCTCAACTA Forward primer for sdgE detection
sdgER GGAGTGATCCGTCCTGCAGATA Reverse primer for sdgE detection
sdgFF ACGCACTCGTCAATTTGCTGAC Forward primer for sdgF detection
sdgFR TCGAAGCCTGTGTCGATGTCCA Reverse primer for sdgF detection
sdgGF TCACCATCATCAACACCTTTGTC Forward primer for sdgG detection
sdgGR TGCCCTCTACTGCGAACTTCTG Reverse primer for sdgG detection
sdgHF CTCCTCGATCCAGAGCAAGATC Forward primer for sdgH detection
sdgHR CTTGTCGAGGAAGTCGGTCATG Reverse primer for sdgH detection

Clal to remove the fragment from sdgC to sdgH. A 10.8-kb Clal fragment
containing pUC18 and sdgRDEF was self-ligated to give pWD1H2D1. An 8.1-kb
HindIIl fragment from pWDI1H2D1 was ligated with pWD1H1 to provide
pWD1D1. The orientation of the insert in pWD1D1 was confirmed by PCR to be
identical to that in pWD1. All other sdg genes were manipulated in the same
manner (see Table 1).

Transformation of S. lividans TK64 with plasmid DNA. Protoplasts of S.
lividans TK64 were transformed with plasmid pWD1 and its derivatives and
pWD4 by previously described protocols (37). The transformants were regener-
ated on R2YE agar medium at 30°C for 14 h, overlaid with soft nutrient agar
containing apramycin (final concentration, 50 pg/ml), and incubated at 30°C for
2 to 4 days. The size of the insert was confirmed in all cases by colony PCR with
appropriate primers.

HPLC analysis of salicylate degradation by transformants. S. lividans TK64
transformants were incubated in TSB at 30°C for 4 days. Mycelia were centri-
fuged at 6,000 X g for 10 min and washed with N-tris(hydroxymethyl)methyl-2-
aminoethanesulfonic acid (TES) buffer. The mycelial preparation was incubated
in MSYE containing 1 mM salicylate and 50 pg of apramycin per ml at 30°C with
shaking. Samples were taken at different incubation times for HPLC analysis.

Preparation of cell extracts. Strains were incubated in TSB at 30°C for 4 days.
Cells were pelleted by centrifugation, washed with TES buffer, and incubated in
MSYE containing 1 mM salicylate at 30°C for 4 h with shaking. As a negative
control, MSYE without salicylate was used. Cells were collected by centrifuga-
tion, washed with TES buffer, suspended in a buffer containing 10 mM Tris-HCl
(pH 7.2), 1 mM EDTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluo-
ride, and 10% glycerol, and disrupted by sonication (three times for 30 s each).

Cell extracts were centrifuged at 100,000 X g for 30 min, and the supernatants
were stored at —80°C.

Expression of sdg genes in E. coli. Individual sdg genes were amplified by PCR
with Pfx polymerase, and the start codons were engineered (as necessary) to
ATG (Table 2). HindIIl and Ndel sites were added at the 5’ side of the start
codon in the forward primers, and Xbal and Bcl/II sites were added at the 5’ side
of the stop codon in the reverse primers. The amplified sdg genes were digested
with HindIII and Xbal, ligated into pUCIS, and transformed into E. coli DH5a.
The absence of mutations in the amplified sdg genes was confirmed by nucleotide
sequencing. Plasmid DNA preparations of different sdg genes were double di-
gested with HindIII and Xbal, and the fragments were ligated into pUC19 and
transformed into E. coli DHS5a. Constructs were designed so that the sdg genes
were expressed only when ligated into pUC19 but not when inverted in pUCIS8.
Transformants were incubated in LB medium containing 100 pg of ampicillin per
ml at 37°C overnight, centrifuged, and incubated with LB medium containing 100
g of IPTG per ml at room temperature for 4 h. After incubation, cells were
collected by centrifugation, washed with TES buffer, and resuspended in buffer
containing 10 mM Tris-HCI (pH 7.2), 1 mM EDTA, 1 mM dithiothreitol, 1 mM
phenylmethylsulfonyl fluoride, and 10% glycerol. Cells were disrupted by soni-
cation (three times for 30 s each), and the extracts were centrifuged at 100,000
X g for 30 min; the supernatants were stored at —80°C.

Enzyme assays. The conversion of salicylate to salicylyl-CoA was performed in
a buffer containing 75 mM Tris-HCI (pH 7.5), 10 mM MgCl,, 0.1 mM salicylate,
0.125 mM coenzyme A (CoA), and 1 mM ATP, to which 50 pl of cell extract was
added, and the mixture (1 ml) was incubated at room temperature. Samples were
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analyzed by HPLC at different incubation times to detect salicylate and salicylyl-
CoA.

Determination of the conversion to gentisate was performed similarly. NADH
was added to a final concentration of 1 mM together with 50 wl of cell extract,
and the mixture was incubated at room temperature. Samples were analyzed by
HPLC for salicylyl-CoA, gentisyl-CoA, and gentisate. The conversion from gen-
tisate to maleylpyruvate (GDO catalysis) was assayed by incubating 50 pl of cell
extract in a buffer containing 0.1 mM phosphate (pH 7.4) and 0.1 mM gentisate
at room temperature. GDO catalysis was monitored by the increase in absor-
bance at 330 nm, as described by Zhou et al. (67).

HPLC analysis. Culture media were filtered and diluted five times with water,
and 10 ml was applied to an HPLC column (Beckman Ultrasphere, 46 by 75
mm). Cell extract reaction mixtures were injected without dilution. HPLC con-
ditions for salicylate, gentisate, salicylyl-CoA, and gentisyl-CoA separation were
as follows: temperature, 40°C; UV, 215 nm; flow rate, 1 ml/min. Three different
elution conditions were used. (i) In the methanol-0.1% phosphoric acid method
of gradient elution, we used 25% methanol at 0 min to 60% methanol at 6 min.
Under these conditions, the retention times of salicylate and gentisate are 5.2
min and 2.1 min, respectively. (ii) In the acetonitrile (MeCN)-0.1% phosphoric
acid method of gradient elution, we used 0% MeCN at 0 min to 55% MeCN at
6 min. The retention times for gentisate, salicylate, gentisyl-CoA, salicylyl-CoA,
and CoA were 4.0, 5.5, 4.0, 4.6, and 3.0 min, respectively. (iii) In the MeCN-0.1%
phosphoric acid method of gradient elution, we used 0% MeCN at 0 min to 30%
MeCN at 6 min. The retention times of gentisate, gentisyl-CoA, and CoA were
4.8, 5.3, and 3.5 min, respectively.

Proteome analysis. Two-dimensional polyacrylamide gel electrophoresis and
liquid chromatographic (LC)/mass spectroscopic (MS) analyses of cell extracts
were performed by the Proteome Centre, University of Victoria, Victoria, British
Columbia, Canada.

Preparation of total RNA and RT-PCR. Liquid cultures of strain WA46 were
incubated and induced by salicylate as described under “Preparation of cell
extracts”. After induction, total RNA was isolated by published procedures (38).
DNase digestion was carried out until no band could be amplified by PCR. The
c¢DNA was prepared with random hexamers and the ThermoScript reverse tran-
scription (RT)-PCR system (Invitrogen) with total RNA. RT-PCR was per-
formed with gene-specific primers for each sdg gene, as shown in Table 2. DNA
amplicons were obtained from sdgR (442 bp), sdgA (451 bp), sdgB (533 bp), sdgC
(501 bp), sdgD (587 bp), sdgE (570 bp), sdgF (304 bp), sdgG (285 bp), and sdgH
(394 bp).

Comparative studies of salicylate-degrading Streptomyces spp. Detection of
salicylate-degrading genes among different Streptomyces spp. was performed by
PCR with the primer sets shown in Table 2.

DNA sequencing. BigDye terminator cycle sequencing with an ABI300 auto-
matic sequencer was done at the Nucleic Acid and Protein Sequencing Unit of
the University of British Columbia; 27,521 bp of contiguous sequence was ob-
tained from three plasmids, pWD1, pWD2, and pWD4. Open reading frames
(ORFs) were identified by FramePlot 2.3.2 (31) (www.nih.gov.jp/~jun/cgi-bin
/frameplot.pl).

Nucleotide sequence accession number. The complete sequence obtained
from plasmids pWD1, pWD2, and pWD4 has been deposited in the DNA Data
Bank of Japan with accession no. AB112586.

RESULTS

Isolation of salicylate-degrading streptomycetes. Soil ex-
tracts and strains were plated on MSYE containing 0.1% sa-
licylate and examined under a UV light source. Streptomyces
sp. strain WA46 degraded salicylate and 4-hydroxybenzoate
but not benzoate, 3-hydroxybenzoate, gentisate, protocat-
echuate, or catechol; only trace amounts of gentisate were
detected after incubation with salicylate. A 16S rDNA se-
quence analysis showed 99% sequence similarity to Streptomy-
ces resistomycificus; the two strains differed in morphology,
growth characteristics, and ability to utilize salicylate.

Cloning the salicylate degradation genes. A library of
Sau3A-digested fragments of strain WA46 genomic DNA was
made in the Streptomyces/E. coli shuttle vector pWHM601 in E.
coli DH10B. A sequential PCR procedure with a set of degen-
erate primers designed from the known GDO sequence was
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applied successfully to identify three E. coli transformants,
pWDI1, pWD2, and pWD4, from a 3,840-clone library; this
required less than 100 PCRs (see Materials and Methods).

Salicylate degradation by S. lividans TK64 transformants. E.
coli DH10B transformants carrying pWD1 (13.5 kb), pWD2
(21.4 kb), or pWD#4 (21.3 kb) showed no evidence of salicylate
degradation in liquid or solid medium. When pWD1 carrying
the 13.5-kb insert was introduced into S. /ividans TK64, which
is deficient in salicylate degradation, it conferred the ability to
degrade salicylate and produce trace amounts of gentisate dur-
ing growth on salicylate, as shown for Streptomyces sp. strain
WAA46.

DNA sequence analysis of salicylate degradation genes. The
strain WA46 DNA fragments in pWD1, pWD2, and pWD4
were sequenced, and 22 putative ORFs in a 27,521-bp stretch
of DNA were identified, as shown in Fig. 1. pWD1 contained
12 putative ORFs, of which a cluster of nine genes (sdg genes)
appeared to be responsible for the ability of this plasmid to
confer salicylate degradation on S. /ividans transformants, as
demonstrated by growth studies and BLAST analysis. The co-
ordinates, G+C content, product size, putative function, and
related genes for the sdg-encoded proteins are shown in Table
3. The ORFs identified have a high G+C content typical of
streptomycetes, and 7 of the 22 appear to have GTG start
codons. In the cluster, two groups, sdgDEF and sdgCBA, have
short overlapping reading frames that may indicate transla-
tional coupling between neighboring genes. This arrangement
appears to be a common feature in streptomycetes (57).

SdgR was similar to several known regulatory proteins, in-
cluding PhtR and PcaR, which are involved in the bacterial
biodegradation of hydroxyaromatics (13, 14). We suggest that
sdgR may play a role in the control of salicylate degradation in
Streptomyces sp. strain WA46. SdgA showed similarity to ben-
zoate-AMP ligases from Stigmatella aurantiaca Sgal5 (53) and
Streptomyces pristinaespiralis (12) and to salicylyl-AMP ligase
from Pseudomonas aeruginosa (50), which catalyze the addition
of AMP to an aromatic substrate. SdgB had amino acid simi-
larity to acetyl-CoA synthetases and thus appears to be in-
volved in CoA addition in the degradation of salicylate by
strain WA46.

Although SdgC showed sequence similarity to several large
bifunctional enzymes, the relationship was limited to the ami-
no-terminal region; it was similar to hydroxylases from Strep-
tomyces avermitilis (46) and Streptomyces coelicolor (3) and
VioD from Chromobacterium violaceum (2). Since gentisate is
an intermediate in salicylate degradation in strain WA46, we
propose that SdgC participates in aromatic hydroxylation and
is likely the salicylate 5-hydroxylase required for the conversion
of salicylate to gentisate.

SdgD is similar in sequence to the GDOs from two Coryne-
bacterium spp. and Ralstonia solanacearum (67). SAgE shows
similarity to enzymes from Bacillus halodurans C-125 (55) and
Corynebacterium glutamicum ATCC 13032, which metabolize
hepta-1,7-dienoates such as maleylpyruvate. SdgH is similar to
the 2-hydroxy-6-oxohepta-2,4-dienoate hydrolase from Rhodo-
coccus sp. strain RHA1 (54). Therefore, it is suggested that
SdgE and SdgH are required to metabolize short-chain fatty
acids such as maleylpyruvate. No function could be assigned to
SdgF and SdgG based on sequence comparisons. Complete
nucleotide sequencing of pWD2 and pWD4 revealed at least
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10 additional ORFs that encode putative regulatory compo-
nents, transporters, and dehydrogenases (Fig. 1).

Gene disruption studies. To confirm the assignments listed
above, each of the sdg ORFs in pWD1 was disrupted by partial
deletion and transformed into S. lividans TK64, and the trans-
formants were analyzed for product formation after incubation
in the presence of salicylate (see Materials and Methods).
Transformants carrying pWD1D1, pWD1D7, and pWD1D9
did not degrade salicylate. These results suggest that sdg4 and
sdgC participate in the conversion from salicylate to gentisate
as the first step of salicylate degradation. On the other hand,
transformants carrying pWD1D2 and pWD1D4 accumulated
gentisate. Thus, sdgD would appear to be involved in the deg-
radation of gentisate. Since no intermediates of salicylate deg-
radation were detected by HPLC analysis of sdgB, sdgE, sdgF,
sdgG, and sdgH disruptants, we are not able to assign functions
to their translation products at this time.

Formation of salicylyl-CoA from salicylate is catalyzed by
SdgA. After each of the putative ORFs was expressed in E.
coli, cell extracts were made and incubated in reaction mixtures
containing potential substrates, and the products were exam-
ined by HPLC. Extracts of E. coli DH5a/p19sdgA produced a
new HPLC peak in the presence of ATP concomitant with a
decrease in salicylate and CoA (Fig. 2). On the basis of the UV
spectrum and MS analysis indicating the expected m/z 908
[M+Na-H] ", this product was shown to be salicylyl-CoA (61).
Cell extracts of E. coli DH5a/p18sdgA incubated similarly did
not produce salicylyl-CoA. Thus, although the BLAST analysis
implies that SdgA is an AMP ligase, experimental data indicate
that SdgA is essential for the production of salicylyl-CoA. The
substrate specificity of SdgA was tested with benzoate, 3-hy-
droxybenzoate, 4-hydroxybenzoate, gentisate, 2-aminobenzo-

ate, salicylamide, salicylaldoxime, and 2-hydroxyphenyl acetate
in the place of salicylate, but no CoA adducts were detected.

SdgC catalyzes the conversion of salicylyl-CoA to gentisyl-
CoA. Cell extracts of E. coli DH5a/p19sdgC were incubated
with salicylyl-CoA obtained in the reactions mentioned above.
Analysis by HPLC revealed a novel peak at 4.0 min in the
presence of NADH with a reduction in the amount of salicylyl-
CoA (Fig. 3A). The peak at 4.0 min decreased on continued
incubation, with the generation of gentisate (4.8 min) and CoA
(3.5 min) (Fig. 3B). Cell extracts of E. coli DH5a/p18sdgC did
not catalyze this conversion; neither NADPH nor flavin ade-
nine dinucleotide could replace NADH in these reactions.

SdgA, SdgC, ATP, CoA, and NADH are necessary to con-
vert salicylate to gentisate, and the direct conversion of salic-
ylate to gentisate by SdgC was not observed. This suggests
strongly that SdgC is a salicylyl-CoA 5-hydroxylase.

SdgD is a GDO. UV spectral analysis of the products of
incubation of cell extracts of E. coli DHSa/p19sdgD with gen-
tisate indicated a shift in the UV spectrum from 320 nm (gen-
tisate) to 330 nm (maleylpyruvate) (62, 67); E. coli DH5a/
p18sdgD did not exhibit this conversion. We conclude that
SdgD is a GDO. The substrate specificity was strong, since
salicylate, catechol, protocatechuic acid, homogenetisate, 2,3-
dihydroxybenzoate, or 5-aminosalicylate could not substitute
for gentisate in the ring cleavage reaction.

Regulation of expression of the sdg gene cluster by salicy-
late. Streptomyces sp. strain WA46 was incubated in liquid
medium with salicylate; cell extracts were prepared and ana-
lyzed for the activity of the pathway enzymes. Extracts of in-
duced cells possessed GDO activity, and maleylpyruvate was
generated. Noninduced cell extracts did not show this activity.
However, neither CoA ligation nor hydroxylation of salicylate
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TABLE 3. Identification of sdg gene functions

Start-stop (positions and G+§ré%7 a

Gene codons)

Proposed function
position

Product size
(no. of
residues;

Related gene (accession number [% identity]) (reference)
kDa)

sdgR  Transcriptional regulator 16472ATG-15698TGA  71.3 (88.0)

sdgD  Gentisate 1,2-dioxygenase 16591GTG-17667TGA  71.2 (92.2)

sdgE Hydrolase? 17664GTG-18494TGA  69.8 (91.0)

sdgF Unknown 18491GTG-19216TGA  72.7 (85.1)

sdgC  Salicylyl-CoA 5-hydroxylase ~ 19233ATG-20786TGA  69.6 (90.0)

sdgB  Salicylyl-CoA synthetase 20783GTG-22840TGA  73.4 (86.4)

sdgd  Salicylyl-AMP ligase 22830ATG-24491TGA  70.8 (88.6)

sdgG  Unknown 24925ATG-24554TGA  65.3 (89.5)

sdgH  Hydrolase? 25804ATG-25010TGA  72.1(92.1)

257;27.5

358;39.7

276;29.9

241;25.9

517; 56.6

685;70.2

553;59.3

123;13.5

264;27.7

Operon regulator (Arthrobacter keyseri 12B, AAK16539 [36%]) (14)
Regulatory protein (Terrabacter sp. strains DBF63, BAB55883 [36%])
(33)

PcaR (Rhodococcus opacus ICP, AAC38247 [26%]) (17)

Gentisate 1,2-dioxygenase (Corynebacterium glutamicum ATCC 13032,
BAC00417 [60%])

1,2-Dioxygenase (Corynebacterium efficiens YS-314, BAC19670 [58%])

Gentisate 1,2-dioxygenase (Ralstonia solanacearum, CAD14789
[38%1) (31)

2-Hydroxyhepta-2,4-diene-1,7-dioate isomerase (Bacillus halodurans
C-125, BAB05719 [49%]) (55)

2-Keto-4-pentenoate hydratase/2-oxohepta-3-ene-1,7-dioic acid
hydratase (catechol pathway) (Corynebacterium glutamicum ATCC
13032, BAC00416 [44%])

Conserved hypothetical protein (Corynebacterium efficiens YS-314,
BAC19669 [46%])

Hypothetical protein (Corynebacterium glutamicum ATCC 13032,
BAC00415 [30%])

Bifunctional hydroxylase/oxidoreductase (S. coelicolor A3(2),
CAC44594 [42%]) (3)

Oxydoreductase protein (Ralstonia solanacearum, CAD15528 [41%])
51

2-Aminobenzoyl-CoA monooxygenase/reductase (Azoarcus evansii,
AAL02063 [40%]) (52)

Acetyl-CoA synthetase (Halobacterium sp. strain NRC-1, NP 444202
[31%]) (45)

Acyl-CoA synthetase (Salmonella enterica serovar Typhi CT18,
CADO05835 [24%]) (47)

Acetyl-CoA synthetase (Salmonella enterica serovar Typhimurium
LT2, AAL21545 [24%]) (41)

Aromatic AMP ligase MxcE (Stigmatella aurantiaca Sg al5,
AAG31128 [48%]) (53)
Pristinamycin I synthetase I (S. pristinaespiralis, CAA67140 [49%])
12

Salicyl-AMP ligase PchD (Pseudomonas aeruginosa, AADS55799
[44%]) (50)

Hypothetical transmembrane protein (Ralstonia solanacearum,
CAD15552 [39%]) (51)

EtbD1 (Rhodococcus sp. strain RHA1, BAA31163 [33%]) (63)
EtbD2 (Rhodococcus sp. strain RHA1, BAA31164 [33%]) (63)

Putative 3-oxoadipate enol-lactone hydrolase/4-carboxymuconolactone
decarboxylase [S. coelicolor A3(2), CAB45571] [30%] (3)

was detected. Thus, it appears that SdgD (GDO) production is
induced by salicylate in strain WA46.

The proteome of salicylate-induced cell extracts was exam-
ined by two-dimensional polyacrylamide gel electrophoresis
analysis; although several spots appeared, only one protein
spot could be identified at ~30 kDa and plI 4.7. The protein
was excised and digested with trypsin, and the peptides were
subjected to LC-MS analysis, revealing sequences correspond-
ing to the proposed amino acid sequence of SAgE (results not
shown). RT-PCR studies of mRNA production in the presence
and absence of salicylate revealed that transcription of the sdg
genes occurred only in the presence of salicylate (Fig. 4).

Comparison of sdg clusters from different salicylate-degrad-
ing streptomycetes. Streptomyces sp. strain WAI1S, which also
degraded salicylate via gentisate, was isolated from the same
soil sample as strain WA46 and is closely related; the 16S
rDNA sequences of the two strains differ by one nucleotide

base. The growth properties of strain WA46 were different
from those of WAI1S8 (results not shown). PCRs carried out
with primers for the strain WA46 sdg genes identified a related
gene cluster in strain WAIS8 (results not shown). Grund et al.
described the isolation and characterization of two Streptomy-
ces strains, DSM40278 and DSM40302, which degrade salicy-
late via gentisate and catechol, respectively (26). The presence
of all sdg genes except sdgF and sdgH was detected in strain
DSM40278, while only sdgG could be detected in strain
DSM40302.

DISCUSSION

Salicylate is produced by many plants and microbes and is
widely distributed in nature. It has a variety of biological ac-
tivities, most notably its role in human medicine as a member
of an important anti-inflammatory drug class. Salicylate acts as
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FIG. 2. Conversion of salicylate to salicylyl-CoA by SdgA. At 1 and
10 min after the reaction was started, the reaction mixture was ana-
lyzed by HPLC. With the elution conditions given in the text (ii;
MeCN-0.1% phosphoric acid; gradient elution, 0% MeCN at 0 min to
55% MeCN at 6 min), salicylate was detected at 5.5 min, salicylyl-CoA
was detected at 4.6 min, and CoA was detected at 3.0 min. Salicylyl-
CoA was produced by SdgA, as shown by the decrease in CoA and
salicylate. ATP was required for this conversion. mAU, milli-arbitrary
units.

a regulatory molecule for bacteria (49). The biosynthesis and
natural degradation pathways of this simple organic molecule
have been well studied. In this work, we have identified a
salicylate degradation cluster (sdg4ABCDEFGHR) in Streptomy-
ces sp. strain WA46 and shown that salicylate is initially con-
verted to gentisate via salicylyl-CoA and gentisyl-CoA (Fig. 2
and 3A). Salicylate is presumably converted to salicylyl-CoA
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via salicylyl-AMP by the action of SdgA and SdgB. AMP li-
gases are key components in the biosynthesis of antibiotics and
siderophores, in which specific substrates are activated by
AMP addition (12, 20, 34, 50, 53); the activated adduct binds to
the thiol group of biosynthetic enzymes or to an acyl carrier
protein. We were unable to detect salicylyl-AMP in Streptomy-
ces sp. strain WA46; salicylyl-CoA was made in the presence or
absence of SdgB. We speculate that in the heterologous hosts
S. lividans TK64 and E. coli DHSa, spontaneous conversion of
salicylyl-AMP to salicylyl-CoA occurs. It has been suggested
that acyl-AMP is an intermediate in acyl-CoA synthesis by
propionyl-CoA synthetase (30). Taking into account the pos-
sibility of translational coupling of SdgA and SdgB, we propose
that salicylate is converted to salicylyl-AMP by SdgA and sub-
sequently to salicylyl-CoA by SdgB in strain WAA46; if correct,
this is the first report of the participation of an AMP ligase in
aerobic biodegradation of salicylate.

Gentisyl-CoA cleavage in strain WA46 may or may not be
enzyme catalyzed, because gentisyl-CoA appears to undergo
spontaneous hydrolysis under the reaction conditions used in
our studies. Salicylyl-CoA was also slowly hydrolyzed to salic-
ylate and CoA in the reaction mixture, although salicylyl-CoA
was more stable than gentisyl-CoA (data not shown). The
instability of salicylyl-CoA could be due to the ortho-hydroxy
group (phenolate-assisted water attack) (61). The additional
hydroxy group on gentisate may explain the greater lability of
gentisyl-CoA compared to salicylyl-CoA.

Although gentisate was converted to maleylpyruvate by
SdgD, further degradation of maleylpyruvate could not be de-
tected. Two pathways for maleylpyruvate degradation have
been reported. One is direct cleavage to maleate and pyruvate
(29, 48), and the other is isomerization to fumarylpyruvate,
followed by hydrolysis to fumarate and pyruvate (67). SdgE

A B
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FIG. 3. (A) Conversion of salicylyl-CoA to gentisyl-CoA by SdgC. At 10 and 30 min after addition of NADH and SdgC, the reaction mixture
was analyzed by HPLC. With the elution conditions given in the text (ii; MeCN-0.1% phosphoric acid; gradient elution, 0% MeCN at 0 min to
55% MeCN at 6 min), salicylyl-CoA was detected at 4.6 min and gentisyl-CoA was detected at 4.0 min. Gentisyl-CoA was generated by SdgC, as
shown by decreasing salicylyl-CoA. NADH was required for this conversion. (B) Gentisate and CoA generation from gentisyl-CoA. With the
elution conditions given in the text (iii; MeCN-0.1% phosphoric acid; gradient elution, 0% MeCN at 0 min to 30% MeCN at 6 min), gentisate was
detected at 4.8 min, gentisyl-CoA was detected at 5.3 min, and CoA was detected at 3.5 min. Gentisyl-CoA was hydrolyzed spontaneously; gentisate
and CoA were generated from the conversion of salicylyl-CoA to gentisyl-CoA by the action of SdgC. mAU, milli-arbitrary units.
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FIG. 4. RT-PCR showed that salicylate induced all sdg genes. The expected fragment sizes of sdgR, sdgD, sdgE sdgF, sdgC, sdgB, sdgA, sdgG,
and sdgH are 442, 587, 570, 304, 501, 533, 451, 285, and 394 bp, respectively. —, no induction; +, salicylate induction. Lane M, 100-bp ladder. The

150-bp band in the absence of induction with sdgB is nonspecific.

and SdgH may be involved, but we are unable to make defin-
itive functional assignment based on sequence comparisons.
The pathway of degradation of maleylpyruvate by strain WA46
remains to be revealed.

With the above facts in mind, we propose a novel salicylate
degradation pathway in Streptomyces sp. strain WA46, as
shown in Fig. 5. Catechol and gentisate are the common in-
termediates in salicylate degradation, but direct fission (28)
and CoA addition have also been identified (4). In the direct
fission pathway, salicylate is converted to 2-oxohepta-3.5-
dienedioate by the action of a GDO with a broad substrate
range. On the other hand, CoA adduct formation occurs
anaerobically in the pseudomonad-like strain S100, in which
salicylate is converted to salicylyl-CoA in the presence of CoA
and ATP, followed by reduction of the aromatic ring (4). An-
other mechanism of CoA addition occurs in the aerobic deg-
radation of salicylate by Rhodococcus sp. strain B4, in which
the conversion of salicylate to gentisate requires CoA, ATP,
and NADPH (25). In Streptomyces sp. strain WA46, the con-
version from salicylate to gentisate via CoA addition takes
place under aerobic conditions, and NADH is required instead
of NADPH.

CoA addition is performed by CoA ligase in the presence of
ATP and CoA, releasing AMP (4, 15, 16, 39, 42, 43, 66). For
example, in benzoate degradation, CoA addition has been
found under both anaerobic and aerobic conditions. In most

cases of degradation involving CoA adducts, the CoA is not
removed as acetyl-CoA until the final step. This does not
appear to be the case for salicylate degradation in Streptomyces
sp. strain WA46.

The BLAST results showed that the most significant protein
sequence similarities for SdgD, SdgE, and SdgF were found in
both Corynebacterium glutamicum ATCC 13032 and Coryne-
bacterium efficiens YS-314. The G+C content of strain WA46
sdgDEF is 71.2%, while that of the two Corynebacterium strains
is approximately 60%, with the average G+C contents of the
third codon position being 89.4% and 60%, respectively. The
order of the genes was identical in the three organisms. A
putative transcription regulation gene similar to sdgR is found
upstream of the gene encoding GDO in the Corynebacterium
strains.

Although salicylate induced the production of GDO in
strain WA46, gentisate degradation was not observed; only
salicylate was degraded when strain WA46 was incubated with
both salicylate and gentisate. These results might imply that
gentisate does not enter the cells.

Comparisons of the salicylate degradation genes of several
Streptomyces strains showed that the gentisate pathway is as-
sociated with related gene clusters. Thus, Streptomyces sp.
strain DSM40278 possesses a homolog of the sdgdBCDEGR
gene cluster which uses the CoA addition pathway for salicy-
late degradation. This may be the preferred pathway for sali-

COOH CO-AMP CoA CO-S-CoA
OH OH
SdgA Y SdgA :
PPi SdgB? AMP
I 1
0,
SdgC K\IADH
SdgE? COOH COOH CO-S-CoA
SdgF?
[ COOH ‘4 /©/ ‘7_4 /©/
g
SdgH? SdgD
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FIG. 5. Proposed pathway of salicylate degradation by Streptomyces sp. strain WA46. 1, salicylate; II, salicylyl-AMP; 111, salicylyl-CoA; IV,
gentisyl-CoA; V, gentisate; VI, maleylpyruvate. Salicylyl-AMP is suggested to be an intermediate in the conversion of salicylate to salicylyl-CoA.
SdgB rather than SdgA may be involved in the conversion from salicylyl-AMP to salicylyl-CoA.
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cylate degradation in streptomycetes. The streptomycetes are
high-G+C (>70%) microbes of cosmopolitan distribution,
well known for their ability to produce biologically active small
molecules such as antibiotics. They have been largely ignored
for their biotransformation capabilities; however, we suggest
that the streptomycetes and related high-G+C bacteria have
great potential for the discovery and application of novel and
efficient biodegradation and biocatalytic processes.
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