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Two genes, nahG and nahW, encoding two independent salicylate 1-hydroxylases have been identified in the
naphthalene-degrading strain Pseudomonas stutzeri AN10. While nahG resides in the same transcriptional unit
as the meta-cleavage pathway genes, forming the naphthalene degradation lower pathway, nahW is situated
outside but in close proximity to this transcriptional unit. The nahG and nahW genes of P. stutzeri AN10 are
induced and expressed upon incubation with salicylate, and the enzymes that are encoded, NahG and NahW,
are involved in naphthalene and salicylate metabolism. Both genes, nahG and nahW, have been cloned in
Escherichia coli JM109. The overexpression of these genes yields peptides with apparent molecular masses of
46 kDa (NahG) and 43 kDa (NahW), respectively. Both enzymes exhibit broad substrate specificities and
metabolize salicylate, methylsalicylates, and chlorosalicylates. However, the relative rates by which the sub-
stituted analogs are transformed differ considerably.

Pseudomonas stutzeri AN10 is a naphthalene-degrading bac-
terium able to dissimilate naphthalene, 2-methylnaphthalene,
and salicylate as sole carbon and energy sources (25). In con-
trast to the usual location on a plasmid (49), the genes for the
naphthalene-catabolic pathway of P. stutzeri AN10 have been
located in the chromosome (12, 25). Recently, the entire naph-
thalene degradation pathway of P. stutzeri AN10 has been
cloned and sequenced (4). As with other extensively studied
naphthalene-degrading strains, such as the archetype Pseudo-
monas putida G7, possessing the plasmid NAH7 (15, 29, 30,
52), and P. putida NCIB9816, possessing the NAH plasmid
pWW60 (6, 23), the naphthalene-dissimilatory genes of P.
stutzeri AN10 are organized in three operons: one coding for
the enzymes involved in the conversion of naphthalene to
salicylate (nahAaAbAcAdBFCED, naphthalene degradation
upper pathway), the second coding for the conversion of salic-
ylate to tricarboxylic acid cycle intermediates through the
meta-cleavage pathway enzymes (nahGTHINLOMKJ; naph-
thalene degradation lower pathway), and the third coding for
the regulatory gene (nahR).

The nahG gene, the gene most proximal to the naphthalene
degradation lower pathway, codes for salicylate hydroxylase
and has recently been cloned and sequenced in several naph-
thalene-degrading strains, such as P. putida G7 (53), P. putida
S1 (34), P. putida KF715 (20), and P. stutzeri AN10 (4).

Salicylate hydroxylase is a flavoprotein monooxygenase that
catalyzes the conversion of salicylate to catechol. The enzyme
was first purified from P. putida S1 (50) and later from Pseudo-
monas cepacia (42), P. putida G7 (54), and other soil microor-
ganisms (46). Mechanistic-kinetic properties of the salicylate
hydroxylase have been studied extensively (10, 32, 36–40, 43,
44, 46, 47). Briefly, the enzyme binds salicylate and an external
reductant (NADH or NADPH) to form a reduced enzyme-
substrate complex. Subsequently, molecular oxygen binds to
the complex for production of catechol, CO2, and H2O.

In this study, we have demonstrated that the salicylate hy-
droxylase activity in P. stutzeri AN10 is catalyzed by two iso-
functional and inducible enzymes: NahG, the “classic” salicy-
late hydroxylase, the gene for which (nahG) resides in the same
transcriptional unit as the meta-cleavage pathway genes (4),
and NahW, a novel salicylate hydroxylase, whose encoding
gene (nahW) is situated outside this transcriptional unit.

MATERIALS AND METHODS

Bacterial strains, plasmids, chemicals, media, and culture conditions. Bacte-
rial strains and plasmids used in this study are listed in Table 1. Escherichia coli
and P. stutzeri strains were cultured in Luria-Bertani medium at 30°C (27) unless
otherwise indicated. Ampicillin, tetracycline, and chloramphenicol were added at
final concentrations of 100, 30, and 15 mg z ml21, respectively, to select for the
presence of plasmids. Chemicals and media were obtained from ADSA-Micro
(Barcelona, Spain), Fluka Quı́mica (Madrid, Spain), Panreac Quı́mica S. A.
(Barcelona, Spain), and Sigma-Aldrich Quı́mica (Madrid, Spain).

Standard DNA manipulations. Standard molecular biology procedures were
used throughout (27). Genomic DNA preparations were done as described
previously (8). Digoxygenin DNA labelling, hybridization, and detection condi-
tions were those recommended by the manufacturer (Boehringer Mannheim).

Plasmid construction. Table 1 summarizes the plasmids constructed in this
study. Plasmids pRAF127 and pRAF111 were constructed for overexpression of
NahG and NahW, respectively, under the control of the promoter Plac. For
pRAF127, a 1,751-bp EcoRV-PstI fragment from pRAF104.2 was inserted in
pBluescript KS(1). Plasmid pRAF111 is a pBluescript SK(2) derivative con-
taining the 1,433-bp XhoI-EcoRI fragment, generated by PCR from pPA50C
using primers 59-TGACTCGAGACGAATCGCCGCTTTTA-39 and 59-TGAG
AATTCGCTGCTCCGCTTAGGTGA-39. The fidelity of cloning was checked
by DNA sequencing.

Overexpression and identification of NahG and NahW in E. coli. NahG and
NahW were overproduced by expression of the respective genes on plasmids
pRAF127 and pRAF111, respectively, in E. coli JM109 by IPTG (isopropyl-b-
D-thiogalactopyranoside) induction, as previously described (27). Cell extracts
were obtained by sonication and clarified by centrifugation, and soluble proteins
were separated by electrophoresis in sodium dodecyl sulfate-polyacrylamide (7%
[wt/vol]) gels. The resolved proteins were stained with Coomassie blue (17).

Salicylate hydroxylase induction in P. stutzeri AN10. For induction of salicylate
hydroxylase, P. stutzeri AN10 cells were grown overnight in minimal medium (2)
containing 5 mM succinate. Cultures were harvested, washed, suspended in fresh
minimal medium (A600, 0.8) supplemented with 5 mM succinate, and then incu-
bated for 2 h at 30°C. After this, cells were harvested again, washed, suspended
in fresh minimal medium (A600, 1.0), and incubated for 4.5 h in the presence of
2 mM salicylate (induction conditions) or 5 mM succinate (noninduction condi-
tions).

Preparation of cell extracts. Cells from 500 ml of E. coli or P. stutzeri cultures
were collected by centrifugation (13,000 3 g, 10 min at 4°C), washed twice with
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25 ml of 50 mM Tris-HCl (pH 8.0) buffer (TB), and resuspended in 1 ml of TB.
Cell extracts were obtained by two passages through a chilled French pressure
cell at 18,000 lb z in22. DNase I was added between the French press passages.
Whole cells and cell debris were removed by centrifugation at 13,000 3 g for 30
min at 4°C. Ultracentrifugation was carried out at 140,000 3 g for 1 h at 4°C. The
clear supernatant solution was kept on ice and used for assays of salicylate
1-hydroxylase activity.

Enzyme assays. Salicylate 1-hydroxylase activities were measured according to
reported procedures (3), following NADH-oxidation activity as a decrease in the
absorbance at 340 nm (εNADH 5 6,200 M21 z cm21), using a Pharmacia LKB
Ultrospec III spectrophotometer. The reaction mixture (1 ml) contained 50 mM
Tris-HCl (pH 8.0), 1 mM EDTA, 200 mM NADH, 150 mM salicylate (or deriv-
atives), and 5 or 50 ml of cell extracts (E. coli or P. stutzeri, respectively). Protein
concentrations were measured by the bicinchoninic acid method (31) with bovine
serum albumin as the standard. Enzymatic conversions of salicylate to catechol
by NahG and NahW were followed by high-performance liquid chromatography
(HPLC) and changes in absorption spectra. E. coli JM109 (pRAF111) or E. coli
JM109 (pRAF127) cells were washed twice in TB, and suspended in TB (A600,
1.0) supplemented with 100 mM salicylate. Cells were incubated at 30°C for 2 h.
Aliquots were removed for measurement every 15 min. UV-visible spectra of cell
supernatants were recorded with a Pharmacia Ultrospec III spectrophotometer.
Reverse-phase HPLC was performed on a Beckman model 125 chromatograph
equipped with a Beckman model 166 diode array UV-visible detector using a
Ultrasphere C8 column (5 mm; 125 by 4.6 mm) (Beckman, Fullerton, Calif.), with
methanol:water:H3PO4 (45:55:0.1) as the mobile phase, with a flow rate of 2.5
ml z min21. The injection volume was 10 ml of cell supernatant. Commercial
salicylic acid (absorbance peak at 296 nm; retention volume, 8.25 ml) and cate-
chol (absorbance peak at 275 nm; retention volume, 1.00 ml) were used as
standards.

Resolution of salicylate hydroxylases by fast protein liquid chromatography.
Cell extract (0.5 ml, 2.1 mg of protein) was applied to a MonoQ HR 10/10 ion
exchange column. Elution was performed at a flow rate of 0.4 ml z min21, and two
linear gradients of increasing NaCl concentrations were used: 0 to 0.2 M over 5

min; 0.2 M to 0.35 M over 20 min. Fractions (0.5 ml) were collected, and
salicylate hydroxylase activity was assayed as described above.

Gene probes. Specific DNA probes for the respective salicylate hydroxylase
genes were prepared from plasmids (indicated in Table 1) by PCR amplification,
followed by restriction digestion and extraction of the linear fragment: nahG, a
1,322-bp fragment obtained from plasmid pRAF104.2 by PCR amplification
using 59-ATGAACGACATGAACGCT-39 and 59-ACGGCCTCTTACCCTTG
A-39 as primers; nahW, a 657-bp fragment obtained after SalI restriction of the
1,087-bp DNA fragment generated by PCR amplification from pPA50C using
59-ATGCGCCACCACGGTATC-39 and 59-CAATCGAGGTGATGCACC-39
as primers.

Nucleotide sequence determination and sequence analysis. The nucleotide
sequence of the salicylate hydroxylase nahW gene and its flanking regions was
determined directly from plasmid pPA50C by using standard protocols of the
manufacturers for Taq DNA polymerase-initiated cycle sequencing reactions
with fluorescent-labelled dideoxynucleotide terminators and a 373A automated
DNA sequencer (Perkin-Elmer, Applied Biosystems Inc.). Sequences were ex-
tended by using a primer walking strategy (27), designing new primers based on
determined sequences. Analyses of sequence data were carried out by using the
DNA-Strider 1.2 program (CEA, Cedex, France), the GeneWorks program
(IntelliGenetics, Montana View, Calif.), and the Genetics Computer Group
sequence analysis package (GCG Inc., Madison, Wis.) (7).

Nucleotide sequence accession number. The nucleotide sequence reported in
this study has been submitted to the GenBank/EMBL data bank (accession no.
AF039534).

RESULTS

Nucleotide sequence of the nahW gene. The nucleotide se-
quences (13,507 bp) for the entire naphthalene degradation
lower pathway and for the regulatory nahR gene have been

FIG. 1. The genetic organization (physical and genetic maps) of the chromosomal naphthalene degradation lower pathway and the nahW gene of P. stutzeri AN10.
The map of DNA fragments that have been subcloned and relevant restriction endonuclease sites are shown. E, EcoRI; P, PstI; S, SacI; V, EcoRV. Ep and Xp denote
EcoRI and XhoI restriction sites, respectively, that were generated by PCR. Arrows indicate the directions of gene transcription. The genes and their gene products
are as follows: nahG and nahW, salicylate hydroxylases; nahH, catechol 2,3-dioxygenase; nahI, hydroxymuconic semialdehyde dehydrogenase; nahJ, 4-oxalocrotonate
isomerase; nahK, 4-oxalocrotonate decarboxylase; nahL, 2-oxopent-4-enoate hydratase; nahM, 2-oxo-4-hydroxypentanoate aldolase; nahN, hydroxymuconic semialde-
hyde hydrolase; nahO, acetaldehyde dehydrogenase; nahR, NahR regulatory protein; nahT, chloroplast ferredoxin-like protein.

TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant genotype or characteristics Source and/or reference

Escherichia coli
DH5a recA1 endA1 gyrA96 thi hsdR17 supE44 relA1 D(lacZYA-argF)U196 l2 (F80lacZDM15) 13
JM109 recA1 endA1 gyrA96 thi hsdR17 supE44 relA1 D(lac-proAB) l2 F9 [traD36 proAB lacIq

lacZDM15]
51

Pseudomonas stutzeri
AN10 nah1a; genomovar 3 Marine isolate, 24

Plasmids
pSK(2) Ampicillin-resistant cloning vector Stratagene
pKS(1) Ampicillin-resistant cloning vector Stratagene
pBCSK(2) Chloramphenicol-resistant cloning vector Stratagene
pPA50C pLFR3 with DNA insert of PsAN10 1
pRAF104.2 pBCSK(2) with PstI insert of pRAF104 4
pRAF111 pSK(2) with nahW under control of Plac This study
pRAF127 pKS(1) with nahG under control of Plac This study

a nah1 indicates the ability to grow on naphthalene as a sole source of carbon and energy.
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determined previously (4), showing an organization analogous
to that found in other well-characterized naphthalene-degrad-
ing bacteria (Fig. 1) (6, 15, 23, 52). A tnpA-like gene (tnpA2),
whose putative gene product, TnpA2, possesses 53.8% amino
acid identity to transposase TnpA of the bacteriophage lambda

KH100 is5 element (19), was detected downstream from the
nahR gene (Fig. 1) (4).

Nucleotide sequence analyses of the tnpA2 downstream re-
gion revealed the presence of two new open reading frames
(ORF) (Fig. 1). The ORF most distant from tnpA2, tnpA3,

FIG. 2. Amino acid sequence alignment of the P. stutzeri AN10 NahW protein and six different salicylate hydroxylase sequences available from the EMBL/GenBank
database. The genetic sources are as follows: P. stutzeri AN10 (4), Sphingomonas sp. strain AJ1 (EMBL/GenBank accession no. AB000564), P. putida KF715 (20), P.
putida G7 (53), P. putida NCIB9816 (EMBL/GenBank accession no. X83926), P. putida S1 (34). Dashes (–) indicate gaps that were introduced to optimize the
alignments. Residues conserved in all sequences are shown in boldface below the alignment.
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encodes a putative protein of 255 amino acids (molecular mass,
29,165 Da) that possesses 96% identity to the amino-terminal
half (171 amino acids) of a putative ORF1 from the phenol-
catabolic plasmid pEST1226 (18), and 97% identity to the first
174 amino-terminal residues of the putative TnpA1 and
TnpA2 from P. stutzeri AN10 (4).

Between tnpA2 and tnpA3 another ORF, nahW, was de-
tected. Its putative gene product, NahW (43,562 Da), possesses
41% identity to the putative salicylate hydroxylase (NahG) of
Sphingomonas sp. AJ1 (GenBank accession no. AB000564),
and 23 to 25% identity to other salicylate hydroxylases (20, 34,
53). Pairwise alignment (Fig. 2) indicated that P. stutzeri AN10
could possess two genes coding for salicylate hydroxylases,
nahG and nahW. Electrophoresis of restriction enzyme-di-
gested genomic DNA, followed by Southern blot hybridization,
was used to investigate the presence of nahG and nahW ho-
mologs in different naphthalene-degrading P. stutzeri genomo-
vars (25). All analyzed naphthalene-degrading strains of P.
stutzeri were observed to possess both nahG and nahW (data
not shown).

The putative NahG of P. stutzeri AN10 belongs to the same
group of salicylate hydroxylases as the well-characterized
NahG of P. putida G7 (53), while the putative NahW from P.
stutzeri AN10 does not seem to belong to this major family of
salicylate hydroxylases (Fig. 3). Interestingly, the well-con-
served amino terminal FAD-binding site (GxGxxG) (9, 48),
present in all salicylate hydroxylases described previously, is
missing in the putative second salicylate hydroxylase (NahW)
of this strain (Fig. 2).

The nahW gene of P. stutzeri AN10 possesses 58.1% total
G1C content, similar to the 59.5% G1C content of nahG and
the 63.4% G1C content detected experimentally in P. stutzeri
AN10 (24). However, when the third base usage was analyzed
separately, the nahW and nahG genes of P. stutzeri AN10
demonstrated only 58.6 and 61.6% G or C preference, respec-
tively, values that are quite different from the observed 80%
overall preference for G or C in P. stutzeri (60.1% total G1C
content) genes listed in databases. Despite this similarity be-
tween nahG and nahW of P. stutzeri AN10, different codon
usage patterns were observed. While P. stutzeri genes in the
databases and the nahW gene of P. stutzeri AN10 show strong
G or C preferences in the third base of the codons for Ile
(ATT, ATC, and ATA), His (CAT and CAC), and Gln (CAA

and CAG), the nahG gene shows a preference for the A- or
T-ended codons. In contrast, the nahW gene of P. stutzeri
AN10 shows an A or T preference in the third base of codons
for Phe (TTT and TTC), Asn (AAT and AAC), and Tyr (TAT
and TAC), whereas P. stutzeri genes in databases and the nahG
gene of P. stutzeri AN10 show a strong G or C preference in
their third bases.

NahG and NahW: the two inducible salicylate hydroxylases
of P. stutzeri AN10. Both nahG and nahW were cloned sepa-
rately under the transcriptional regulation of the Plac promoter
(plasmids pRAF127 and pRAF111, respectively; Fig. 1) to test
whether they encode for functional salicylate hydroxylases.
Overexpression of nahG and nahW in E. coli JM109 yielded
peptides with apparent molecular masses of 46 and 43 kDa
(Fig. 4), respectively, similar to the predicted molecular masses
of these peptides (Fig. 3). Both, E. coli JM109 (pRAF111) and
E. coli JM109 (pRAF127), transformed salicylate to a product
with spectral properties identical to those of catechol (data not
shown). The identities of the reaction products with catechol

FIG. 3. UPGMA (unweighted-pair group method using arithmetic averages) dendrogram of similarities between bacterial salicylate hydroxylases. Genetic sources
are given in the legend for Fig. 2. The amino acid sequence of the 4-aminobenzoate hydroxylase (4ABH) of Agaricus bisporus Ab5341 (41) was used as an outgroup.
The bar indicates 10% estimated sequence divergence. Isoelectric points (pI) and molecular masses (MM) are based on the sequence data.

FIG. 4. Expression of the nahW and nahG gene products of P. stutzeri AN10
by recombinant E. coli strains using Plac induction. Coomassie-blue staining of a
sodium dodecyl sulfate-polyacrylamide gel of IPTG-induced cell extracts of E.
coli JM109 harboring plasmids pBluescript SK without insert (lane 2), pRAF111
(NahW; lane 3), or pRAF127 (NahG; lane 4). Lanes 1 and 5 show molecular
mass (MM) markers.
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were confirmed by HPLC analysis. Thus, both NahG and
NahW were functional salicylate 1-hydroxylases.

Both NahG and NahW exhibited broad substrate specifici-
ties and metabolized salicylate, methylsalicylates, and chloro-
salicylates (Table 2). However, the relative rates by which the
substituted analogs were transformed differed considerably
(Table 2). Whereas 3-methylsalicylate was transformed by
NahG at a rate similar to that of salicylate, it was a poor
substrate for NahW. Similarly, 5-methylsalicylate and 4,5-dim-
ethylsalicylate were transformed at high rates by NahG, al-
though at only approximately 10% of the rate observed for the
transformation of salicylate by NahW. Whereas NahG seems
to be a very efficient catalyst for the transformation of meth-
ylsalicylates, NahW appeared to be more efficient than NahG
in the transformation of chlorosalicylates.

The transformation of salicylate and substituted salicylates
by succinate-grown cells and cells incubated with the putative
inducer salicylate was compared to analyze if both salicylate
hydroxylases were expressed in the wild-type strain and if ex-
pression was inducible. Activities were detected only in ex-
tracts prepared from cells induced with salicylate. The relative
rates for the transformations of methyl- and chlorosalicylates
were between the rates observed for the individual enzymes
prepared from E. coli cells (Table 2). Actually, two peaks of
activity could be separated by ion-exchange chromatography of
a cell extract from salicylate-induced P. stutzeri AN10 cells
(Fig. 5). Whereas the protein eluting at 0.24 M NaCl, like
NahG, showed high levels of activity with several methylsalicy-
lates, such as 3-methylsalicylate, and a low level of activity with
3-chlorosalicylate (Fig. 5), the protein eluting at 0.26 M NaCl,
like NahW, showed activity with 3-chlorosalicylate but not with
3-methylsalicylate (Fig. 5). Both peaks were also separated
from cell extracts of naphthalene- and salicylate-grown P.
stutzeri AN10 cells. Thus, both NahG and NahW appear to be
induced by salicylate, and they seem to be involved in the
metabolization of naphthalene and salicylate in P. stutzeri
AN10.

DISCUSSION

In this study, we have demonstrated that conversion of sa-
licylate to catechol in P. stutzeri AN10 is mediated by two
isofunctional, induced, chromosomally encoded enzymes,
NahG and NahW. NahG is encoded in the same transcrip-
tional unit that contains the genes for the meta-cleavage path-
way enzymes (4), forming the naphthalene degradation lower
pathway, similar to the genetic organization of the well-char-
acterized naphthalene degradation pathways encoded on plas-
mid NAH7 from P. putida G7 (15) and plasmid pWW60 from

P. putida NCIB9816 (6). The structural gene encoding NahW
is situated outside but in close proximity to (less than 3 kb) this
transcriptional unit (Fig. 1). Thus, P. stutzeri AN10 represents
the first example of a bacterium possessing two isofunctional
salicylate hydroxylases. The genetic evidence (i.e., Southern
blot analysis) demonstrated that both genes are present in all
P. stutzeri naphthalene-degrading strains analyzed. Experi-
ments to confirm that both genes are ubiquitous, being present
in all known naphthalene-degrading strains, are now under
way.

Both NahG and NahW exhibit a broad range of substrate
specificity and metabolize salicylate, methylsalicylates, and
chlorosalicylates (Table 2), as has been reported for the salic-
ylate hydroxylase encoded by the nahG gene of NAH7 plasmid
(21, 22). However, 3-chlorosalicylate was better converted by
NahW, whereas NahG of P. stutzeri AN10 was more efficient
metabolizing methylsalicylates. Relative consumption rates of
salicylate and its derivatives by P. stutzeri AN10 were between
the values obtained for each individual salicylate hydroxylase
overproduced in E. coli. Thus, the consumption rates of salic-
ylate in P. stutzeri AN10 appear to be due to the expression of
both salicylate hydroxylases, NahG and NahW, being similar to
the values obtained for NahG of plasmid NAH7 (21, 22).
However, NahG of P. stutzeri AN10 converts 3-methylsalicylate
at high rates (nearly 100% of the rate observed for salicylate)
while NahG of P. putida G7 catalyzes its conversion at only
20% of the rate observed for salicylate (21).

The nahW and nahG genes of P. stutzeri AN10 are both
induced and expressed with similar rates upon incubation with
salicylate (Fig. 5). Additionally, a copy of a gene encoding the
NahR-type protein, the putative LysR-type transcriptional ac-
tivator of the entire naphthalene degradation pathway (28),
was located between the nahG and nahW genes (Fig. 1) in P.
stutzeri AN10 (4). Thus, it can be suggested that the regulation
of both genes (nahG and nahW) is under the control of a
LysR-type regulator, the nahR gene product, which probably
activates their expression in the presence of the inducer salic-
ylate. However, the ratio of the expression of both enzymes
varies when different substituted salicylates are added as in-
ducers (data not shown). Experiments to identify promoter
regions and to clarify the regulation of these two transcrip-
tional units of P. stutzeri AN10 are now under way.

Since both genes, nahG and nahW, in P. stutzeri AN10 en-
code physiologically active enzymes, one can speculate that the
presence of two salicylate hydroxylases is advantageous to the
host. It has been suggested that standard gene regulatory
mechanisms allow cells to adjust their metabolisms to the
range of conditions encountered most frequently. When ex-

TABLE 2. Salicylate hydroxylase activitya

Substrate
Strains and produced proteins

E. coli JM109 (pRAF127) NahG E coli JM109 (pRAF111) NahW PsAN10 NahG 1 NahW

Salicylate 1,961 6 57 (100) 1,460 6 52 (100) 18.0 6 1.1 (100)
3-Methylsalicylate 1,612 6 65 (82) 6 6 1 (,1) 6.3 6 0.2 (35)
4-Methylsalicylate 4,389 6 201 (224) 2,551 6 107 (175) 30.1 6 1.3 (167)
5-Methylsalicylate 1,933 6 54 (98) 232 6 8 (15) 8.6 6 0.2 (48)
3-Chlorosalicylate 20 6 2 (1) 118 6 6 (8) 2.0 6 0.2 (11)
4-Chlorosalicylate 1,220 6 35 (62) 1,234 6 19 (84) 8.9 6 0.3 (50)
5-Chlorosalicylate 130 6 5 (6) 192 6 8 (13) 1.8 6 0.1 (10)
4,5-Dimethylsalicylate 2,503 6 124 (127) 121 6 5 (8) 6.4 6 0.2 (35)
3,5-Dichlorosalicylate 131 6 4 (6) 90 6 4 (6) 1.1 6 0.1 (6)

a Salicylate hydroxylase activities were obtained with extracts of induced cells. Activities, reported as averages 6 standard deviations, are measured in nanomoles of
NADH z min21 z mg21 of protein. Numbers in parenthesis are relative activities (%).
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treme conditions cannot be accommodated by gene regulatory
mechanisms, selection is imposed for increasing the copy num-
ber of a gene or set of linked genes that can improve growth
(26). Thus, the variation in copy number (i.e., the presence of
nahG and nahW) could provide an increased expression of the
encoded enzymes (i.e., salicylate hydroxylases). Giving support
to this plausible advantage of possessing two salicylate hy-
droxylases is the fact that P. putida PpG1064, carrying the
nahG gene on a multicopy plasmid (high expression of NahG),
demonstrated rates of salicylate degradation and growth rates
higher than those in wild-type NAH-carrying P. putida
PpG1064 (low expression of NahG) (11). In addition to this
plausible physiological advantage, an evolutionary advantage
of having two genes for salicylate hydroxylases can be sug-
gested. Gene amplification as a stress response provides a
plausible mechanism whereby bacteria might appear to be able
to direct mutability to base pairs whose alteration improves
growth (5, 26). In this sense, the presence of two salicylate
hydroxylase-encoding genes (nahG and nahW) would provide
a dispensable gene copy which permits the new activity of one

of them to be enhanced (i.e., transformation of chlorosalicy-
lates). Thus, a gene with a new function is formed (nahW)
under continuous selection. In fact, divergent evolution of
NahG and NahW of P. stutzeri AN10 from a common ancestor
can be suggested, because three of the four criteria considered
for assuming common ancestries for two proteins are met:
NahG and NahW catalyze similar reactions, both proteins have
similar subunit molecular masses, and their amino acid se-
quences are aligned without the introduction of multiple gaps
(16). In any case, experiments are necessary to clarify plausible
advantages for an organism possessing two salicylate hydroxy-
lases.

According to the molecular masses, both salicylate hydroxy-
lases of P. stutzeri AN10, NahG and NahW, belong, like NahG
of P. putida G7 (53) and 4-hydroxybenzoate hydroxylase of P.
fluorescens (45), to the subgroup of low-molecular-mass flavin-
containing monooxygenases, which are approximately 45 kDa
in size (14). All flavin-containing monooxygenases possess ap-
proximately 20% overall amino acid identity, with the strongest
sequence conservation being in and adjacent to the flavin-

FIG. 5. Anion-exchange chromatography of extracts of salicylate-induced P. stutzeri AN10 cells. Protein was monitored as A280 (solid line). Gradient elution with
NaCl (broken line) was used. (Inset) Salicylate hydroxylase activity was determined as NADH oxidation, as described in Materials and Methods, using salicylate (grey
bars), 3-methylsalicylate (white bars), and 3-chlorosalicylate (black bars) as substrates.
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binding regions. Structural comparisons between amino acid
residues of resolved 4-hydroxybenzoate hydroxylase of P. fluo-
rescens (45) and previously sequenced salicylate hydroxylases
(20, 34, 53) indicate conserved residues which are important
for the function of salicylate hydroxylases. The alignment of
the putative primary amino acid sequence of the NahW pro-
tein of P. stutzeri AN10 with other salicylate hydroxylases (Fig.
2) could allow a better evaluation of the functional significance
of conserved residues. Amino acid residues 152-TADVAIAA
DGIKSMR-167 have been designated the putative NADH-
binding site in P. putida S1 salicylate hydroxylase, being Lys163
and Arg167, which are suggested to be involved in the forma-
tion of salt bridges with the oxygen atoms of pyrophosphate of
NADH (33–35). Both amino acid residues are conserved in all
salicylate hydroxylases, but Lys163 is substituted by another
basic amino acid (Arg) in NahW (Fig. 2). Thus, we can assume
the consensus NADH-binding domain of salicylate hydroxy-
lases to be DXXIXXDGX[K,R]SXXR.

FAD has been described as the prosthetic group of salicylate
hydroxylase (44). Interestingly, of the two salicylate hydroxy-
lases of P. stutzeri AN10, only NahG, but not NahW, contains
the well-conserved amino-terminal FAD-binding site (Fig. 2).
In contrast, the putative second FAD-binding site of NahG of
P. putida G7 (53), including two hydrophobic residues (posi-
tions 311 and 312 of P. putida G7 NahG sequence) and Gly and
Asp in positions 313 and 314 of the same protein, respectively,
seems to be conserved in all salicylate hydroxylases. The pres-
ence of this conserved domain suggests that both salicylate
hydroxylases of P. stutzeri AN10, as the other known isofunc-
tional enzymes, are flavin-dependent enzymes. Further prelim-
inary biochemical data recently obtained in our laboratory give
support to this hypothesis (data not shown).

The substrate catalytic active site of salicylate hydroxylases
still remains to be elucidated. Following the putative second
FAD-binding site, a cluster of 13 highly conserved amino acid
residues was observed possessing the consensus sequence
AAH[A,S][M,L][L,V]PH[Q,H]G[Q,A]GA (Fig. 2). Residues
319-MLPHQGA-325 of NahG of P. putida G7 (53) are similar
to those in one of the two regions of 4-hydroxybenzoate hy-
droxylase shown to be involved in positioning the substrate
4-hydroxybenzoate properly with respect to the carboxyl group
of the substrate and the isoalloxazine ring of FAD (45). The
second region mentioned above corresponds to residues 48-
AGV-50 of NahG of P. putida G7 (53). Ala48 and Val50 are
conserved in all salicylate hydroxylases except for NahG of
Sphingomonas sp. strain AJ1 (GenBank accession no.
AB000564). Thus, these two conserved domains could be pro-
posed to be the putative substrate active site of salicylate hy-
droxylases.

However, detailed biochemical and genetic studies of puta-
tive catalytically and structurally important amino acid resi-
dues and the purification and crystallography of the enzymes
will be needed to clarify the exact enzymatic mechanism of
salicylate hydroxylation.
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19. Kröger, M., and G. Hobom. 1982. Structural analysis of insertion sequence
IS5. Nature 297:159–162.

20. Lee, J., J. Oh, K. R. Min, and Y. Kim. 1996. Nucleotide sequence of salicylate
hydroxylase gene and its 59-flanking region of Pseudomonas putida KF715.
Biochem. Biophys. Res. Commun. 218:544–548.

21. Lehrbach, P. R., J. Zeyer, W. Reineke, H.-J. Knackmuss, and K. N. Timmis.
1984. Enzyme recruitment in vitro: use of cloned genes to extend the range
of haloaromatics degraded by Pseudomonas sp. strain B13. J. Bacteriol.
158:1025–1032.

22. Morris, C. M., and E. A. Barnsley. 1982. The cometabolism of 1- and
2-chloronaphthalene by pseudomonads. Can. J. Microbiol. 28:73–79.

23. Platt, A., V. Shingler, S. C. Taylor, and P. A. Williams. 1995. The 4-hydroxy-
2-oxovalerate aldolase and acetaldehyde dehydrogenase (acylating) encoded
by the nahM and nahO genes of the naphthalene catabolic plasmid
pWW60-22 provide further evidence of conservation of meta-cleavage path-
way gene sequences. Microbiology 141:2223–2233.

24. Rossello, R., E. Garcı́a-Valdés, J. Lalucat, and J. Ursing. 1991. Genotypic
and phenotypic diversity of Pseudomonas stutzeri. Syst. Appl. Microbiol.
14:150–157.
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