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Abstract  

A gene coding for the salicylate hydroxylase has been isolated from chromosomal DNA of Pseudomonas putida S-I and sequenced. 
The DNA fragment contained an open reading frame of 1266 bp encoding a polypeptide of 421 amino acid residues. The predicted amino 
acid sequence of the protein gave a good agreement with the sequences determined with the peptides isolated from the enzyme but 
methionine residue in the amino terminal was deleted in the N-terminal sequence of the enzyme protein. The nucleotide and amino acid 
sequences of the salicylate hydroxylase shared several common characteristics with those of the enzyme encoded on the plasmid DNA of 
P. putida PpG7; homology of nucleotide sequence is 58% and that of amino acid sequence is 56%. We could find two large conserved 
regions of the amino acid sequence at or near FAD- and NADH-binding regions. The FAD-binding site locates on the amino terminal and 
a lysine residue, functioning as an NADH-binding site (K. Suzuki, M. Mizuguchi, T. Gomi, and E. Itagaki, 1995, J. Biochem, 
117,579-585), locates as Lys 163. 
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Salicylate hydroxylase (salicylate, NADH: oxygen ox- 
ido-reductase (1-hydroxylat ing,  decarboxylat ing) ,  EC 
1.14.13.1) is a mono-oxygenase catalyzing the decarboxyl-  
ative hydroxylation of  salicylate to produce catechol in 
consumption with NADH and O 2 [1]. The enzyme is 
induced in Pseudomonas putida S-1 by addition of  salicy- 
late as a sole carbon and energy source into the culture 
medium. It had been purified, crystallized, and charac- 
terized [2-4].  The enzyme is a monomeric flavoprotein 
with the molecular  weight of  54000 containing one 
molecule of  FAD as a prosthetic group [5]. The enzyme 
was also isolated from other bacterial sources including P. 
putida PpG7 [6-11].  We have studied on the reaction 
mechanisms [12] and chemical modif icat ions  of Arg and 
Lys residues of the enzyme [13,14]. To progress the stud- 
ies, precise information about the enzyme structure are 
required strongly. Until now, P. putida PpG7 plasmid 
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encoded salicylate hydroxylase has been sequenced; the 
structural analysis, however, was not reported [15]. The 
nahG gene encoding the salicylate hydroxytase was re- 
ported to be loaded on sal operon of  a plasmid NAH7. 

To understand the structure and function and the induc- 
tion mechanism of  the enzyme, we have amplified and 
characterized the genomic DNA of  the enzyme of  P. 
putida S-I using PCR and cassette-primer PCR techniques 
[16]. Amplification of the chromosomal DNA with the 
primers described in Fig. 1 gave D N A  fragments near 
540bp and in the second PCR, the product of 470bp 
containing the sequences of  the primers was isolated. 
Using the product as a probe, 4.2-kbp DNA fragment was 
obtained from the endonuclease (SalI  and HindlII)-di- 
gested chromosomal DNA. Transformed Escherichia coli 
cells with a vector ligated the DNA fragment exhibited a 
low activity of  salicylate hydroxylase and the addition of  
salicylate to the cells induced the high enzyme activity. 
The fragment containing the sal gene of the salicylate 
hydroxylase was sequenced (Fig. 1). An ORF with 1266 
nucleotides starting at ATG codon and ending at TAA 
codon is present in the sequence. The ORF encodes a 
protein of  421 amino acid residues with the molecular  
weight of  45 288, which is smaller than the value (54000) 
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I ATGAGCAAATCTCCCCTGCGTGTAGCTGTC 
MetSerLysSerProLeuArgVaIAlaVal 

61 GCCCTCGGCCTCAGCAAATCCTCTCACGTC 
AlaLeuGlyLeuSerLysSerSerHisVoI 

iZl TTCGGCGAAATCGGTGCCGGCGTTTCCTTC 
PheGlyG1uI1eGlyA1oG1yVoISerPhe 

181 CTGGGTATTGGCGAACTTTACAAAAGCGTT 
LeuGlyIleG1yG1uLeuTyrLysSerWl 

241 ATCTGGTTTGAATGGCGTCATGCGCATGAT 
IleTrpPheGluTrpArgHisAlaHisAsp 

301 GGTATTGGCCAGTCATCCATCCATCGTGCA 
GlyI1eGlyGlnSerSerIleHisArgAla 

361 CCTGCGGGCATCGCATCCCTGGGTAAGCAT 
ProAloGlyI1eA1oSerLeuGlyLysH±s 

421 GTGACGCTCAATTTCGCAGATGGGAGCACC 
WIThrLeuAsnPheA1aAspGlySerThr 

481 GGCATCAAGTCCTCCATGCGAAATACGCTG 
G1yIteLysSerSerMetArgAsnThrLeu 

541 CCGCAGTTCACCGGGACATCCGCCTACCGC 
ProGlnPheThrGtyThrSerAtaTyrArg 

601 GCCTACCAAGCGGCATCACTGGACGAGCAT 
AlaTyrGlnAlaAlaSerLeuAspGluHis 

661 GAAGACGGCCACGTACTGACCTTCCCGGTT 
GluAspG1yH~sVolLeuThrPheProVal 

721TTCGTGTCTGATCGCAGCGTCGCCAAACCG 
PheWlSerAspArgSerVaIAtoLysPro 

781 CCCGCCACCACAGACGAGATGCTGCACCGA 
ProAloThrThrAspGtuMetLeuHisArg 

841 CTCCTGACCAGCATCAAGAGCCCAACCCTC 
LeuLeuThrSerIleLysSerProThrLeu 

901 ACCTATGTGCATGGTCGCGTAGCACTGATT 
ThrTyrVaIHisGlyArgVatAlaLeuIte 

961 CAAGGCGCAGGAGCAGGTCAGGGCCTTGAG 
G1nGlyA1aGlyA1oGlyGlnGtykeuG1u 

1021 AACCCTCTTCACGAAGCTAGCGATATTCCA 
AsnProLeuHisG1uA1oSerAspnePro 

1081 AGGGGCCGCGCCTCCAAGGTTCAGCTGACC 
ArgGlyArgAtoSerLysValGlnLeuThr 

1141 AGAACACCAGGTGTTGAACGCGATACCGCC 
ArgThrProG1yVotGtuArgAspThrAla 

1201 AACTGGATCTGGAACTACGACCTGGGTGCC 
AsnTrpneTrpAsnTyrAspLeuGlyA1a 

1261GCATAA 
Ala * 

ATTGGCGGAGGCATCGCTGGTACTGCCCTG 
IleGlyGlyGlyIteAlaGlyThrAlaLeu 
AATGTCAAACTGTTTGAAACTGCCCCTGCC 
AsnValLysLeuPheGluThrA1aProAla 
GGCGTCAACGCTGTAGAAGCTATCCAACGC 
GlyValAsnAlaValGluAloIleGlnArg 
GCAGACAGCACCCCAGCACCTTGGCAAGAC 
AlaAspSerThrProAloProTrpGlnAsp 
GCTTCGCTTGTAGGCGCCACCGTTGCGCCG 
AlaSerLeuValGlyAloThrValAlaPro 
GACI-TCATCGACATGCTCGAAAAGCGTTTG 
AspPhelleAspMetLeuGluLysArgLeu 
GTCGTTGACTACACCGAAAACGCTGAAGGG 
ValVolAspTyrThrGluAsnAloGluGly 
TACACTGCTGACGTAGCGATCG~T~CAGAC 
TyrrhrAlaAspValAlalleAlaAlaAsp 
CTGCGTGCCGCCGGCCATGATGCCGTCCAT 
LeuArgAlaAlaGlyHisAspAlaWIHis 
GGGCTTGTAGAGACCTCTGCCCI-FCGCGAG 
GlyLeuValGluThrSerAlaLeuArgGlu 
TTGCTCAATGTGCCGCAAATGTACTTGATC 
LeuLeuAsnValProGlnMetTyrLeuThr 
AAAAAGGGGAAGTTGATCATTATCGTGGCG 
LysLysGlyLysLeullellelteValAla 
CAGTGGCCATCCGACCAACCTTGGGTTCGT 
G1nTrpProSerAspGlnProTrpVolArg 
TTTGCAGGCGCCGGAGAGGCAGTAAAAACC 
PheAloGlyAlaGlyGtuAlaVatLysThr 
TGGGCCCTTCATGACTTTGACCCGCTGCCC 
TrpAlaLeuH~sAspPheAspProLeuPro 
GGCGATGCTGCGCACGCCATGCTCCCACAC 
GlyAspAlaAlaH~sAloMetLeuProH~s 
GATGCI-FACTTCATGGCCGAACTGCTCGGC 
AspAtaTyrPheMetAlaGluLeuLeuGly 
GCTCTCTTGGAGGTGTATGACGACGTTCGC 
A[aLeuLeuGluValTyrAspAspVotArg 
TCGCGTGAAGCAGGCGAACTCTATGAATAT 
SerArgGluAlaGtyGluLeuTyrGluTyr 
AAGCTGAAGGCTTTGCTTGAGAGCCGTATG 
LysLeuLysAtaLeuLeuGluSerArgMet 
GAGGCTCGTCTGGCAGTTAAACCCGCCCTC 
GluAlaArgLeuAlaVatLysProAloleu 

Fig. 1. Nucleotide sequence of the salicylate hydroxylase gene sal from 
Pseudomonas putida S-1 and the predicted amino acid sequence. The 
oligonucleotide primers used for isolation of the clone were primer I; 
CC(AG)CTGCG(GC)GT(CG)GC(CG)AT(CT)GG(CT)GG, primer 2: 
C C  ( C G ) G  T ( A  G ) A  A ( C T ) T G  (A C G T ) G  G (A G ) T G  
(CG)AC(CG)GC(AG)TC, primer 3: GG(CT)GG(CT)GG(CT)AT(CT) 
GC(CG)GG, and primer 4: TT(AG)AT(AG)CC(AG)TC(CG)GC (CG)GC. 
These primers were designed from the Edman degradation data of the 
amino terminal peptide and two tryptic peptides for the NADH-binding 
site of salicylate hydroxylase [14]. Chromosomal DNA of P. putida S-1 
was digested with Sail and EcoRl, and 4.2-kbp DNA fragment was 
isolated and ligated to pUC18 plasmid vector. After the amplification, 
one plasmid was cloned with the probes as pSAH1. It was digested with 
PmaCI and HindllI and the nucleotide sequence of the open reading 
frame was sequenced in both directions using Taq cycle sequencing kit 
(Takara Shuzou). Sequence data were organized and analyzed using the 
GENETYX (version 9) program (Software Development Co. Ltd.). The 
positions corresponding to the oliogonucleotide primers used for PCR 
were underlined in the figure. The sequences have been deposited in the 
DDBJ/EMBL/GenBank Data Library under accession number D67098. 

estimated by SDS gel electrophoresis and sedimentation 
experiments of  purified salicylate hydroxylase [5]. The 
reason why the difference occurred was unknown. The 
sequence shown in Fig. 1 is supported by the amino acid 
composition, except cysteine residue, of  the purified en- 

zyme reported previously [5]. The nucleotide sequence has 
the homology of 58% to that of  nahG of P. putida PpG7 
[15]. The G + C content of  the sal coding region is 57%, 
which is close to the value of 65% of nahG of P. putida 
PpG7 [15]. The preferential usage of C- and G-ending 
codons of  P. putida S-1 enzyme is 61%. The value of 
nahG was reported to be 76% [15]. Hydrophobic and 
hydrophilic amino acid residues are 56% and 27%, respec- 
tively: almost the same values are seen in the salicylate 
hydroxylase of  P. putida PpG7 [15]. 

The previous analytical data about the amino acid com- 
position of the enzyme showed the presence of cysteine 
residues [5], but the present predicted sequence exhibited 
the absence of the residue. Re-examination of the analysis 
of  the residue with 5,5'-dithiobis-(2-nitrobenzoic acid) 
(DTNB) method and also amino acid analysis of  the 
performic acid-treated enzyme protein resulted in the con- 
firmation of the sequence data. The amino terminal se- 
quence of the enzyme protein was determined as SKSPLR- 
VAVIGGGIAGTALALG. The sequence indicated the 
deletion of methionine residue from the amino terminal of  
the predicted sequence of  salicylate hydroxylase in Fig. 1, 
indicating that the residue is processed off during the 
synthesis of  the enzyme. The amino terminal residue of the 
plasmid-encoded salicylate hydroxylase of  P. putida PpG7 
was reported to be lysine [11]. 

Thus, the enzyme consisted of 420 amino acid residues 
with a molecular weight of  45 157. Homologies of  the 
amino acid sequence predicted from the sal gene to the 
sequence of  the product of  nahG gene and to that of  
p-hydroxybenzoate hydroxylase from P. fluorescens are 
56% and 25%, respectively (Fig. 2). 

A long range homology was found between the amino 
acid sequences of  P. putida S-1 and P. putida PpG7; 26 
amino acid residues of residues 309-334 and residues 
311-336, respectively. The regions were also highly ho- 
mologous with the region of residues 283-304 of the 
sequence of p-hydroxybenzoate hydroxylase, in which the 
region constructs the part of  the substrate binding pocket 
[17]. The region of residues 7-24 of P. putida S-1 enzyme, 
RVAVIGGGIAGTALALGL, contains the consensus se- 
quence of ADP binding site of  FAD and is homologous to 
those of  salicylate hydroxylase of  P. putida PpG7 [15] and 
of ruburedoxin reductase and of toluene reductase of P. 
putida F1 [18]. The region makes up bab-fold structure to 
bind ADP [19]. The consensus sequence of the second 
FAD binding region of flavoprotein is found in the se- 
quence of residues 302-312 of P. putida S-I, which is 
highly conserved in that of  P. putida PpG7, residues 
304-314, and is similar to the sequence of P. fluorescens 
p-hydroxybenzoate hydroxylase, residues 276-286 (Fig. 2). 

Our previous study of the chemical modification of 
salicylate hydroxylase revealed the presence of a lysine 
residue in the binding site of  NADH and determined the 
amino acid sequence around the residue [14]. The sequence 
was found on the predicted amino acid sequence of the 
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PpG7 { M K N N{~ L C,{L~R] I G I V~G G G II,~GJVIA L A~E{~C R ¥~ H{ i QJV]Q~FE]A~ P] [AFG F~A G V SF qP~N AV]R 

PHBH I M K T ~ i I[I GJA[Gp S, glL LInG Q [~H[~ G I NDINyJ I~JE ~ Q T'~D Y V I~I~LiIRIA G V[ LEQG M~V{D 

55 L L R g A~V D K ~-- M A {~DJG LV H E G ¥ F~!{A~A G Q£~H l D L K ~ G  K~T V ¥-[G qff{g V T~-~L M 

114 HM~F~I ~AEI AI$I~G @H[~V D ¥ T E N A[~G - -[V~L N[~AID G~S 'I~JT__ - ~[I~V ̂ IIA[A D G I ~ S~S M~{N T 
l l l  E A ~[E{A C G -}A~TT ¥ y Q A A ~VJR L H D LQ~ P Y{y TjF E R-~)G{E}~ L ~ L D C~¥ I A G C{D G{F H G I ~QS 

169 IP ~EI~L]~j ~ERVYPF [r.~IH.GLL[AID---TPPV[~-~- -- LILIjYANkHIPI~GIF]A 

230 I~KK{£~(I~II~A~VISD~SV~AI~,P{~{!~S[[~WV~TTI~EM,~!~I~ l ~,A~A~E~AIVKiTL,~LJTS'{LKS~ 
210 LCSQR --,~,~T RLS]R Y Y]VJ~ ~ L T  EK V E lq]l]~ D E ~ F ¥ T~L K A~L P~E V A~K L YITIG P S L ElK S~I 

289 ~-{L W A L n DIeD p{LPh~Y V HG R V{A{L I G D A AH A M L P H QG A G A GQG L E D A~M{~E~L L~N P L[H F~A{- 
266 A p ~ R ~  ¥]0~- M H Q [ H Q ~ F ~ A ~ p  T G ~  - - - K]G I ~ j A  S D 1/S TL~Y I~ L~L KL~¥ 

349 G N ~ A fff£~^[~- - ~P~XIC ~ ( f ~ { ~ , i ~ X ~ v ~ O *  N Z 0 ffd~ E ~[~A ~ DI,]L 

318 I~EG~G~RY~Y~BAICL[RI~J{W -[~AERP'{S]WWMTSVLH [~JFiPJ .... [i)~ D~P'SQ~IQQTE 

404 W~N YDL}---~A EARLA{VKPA LA 
368 L ~EIYJy]~---~ EAST I AEN Y V G LPY E E I E 

Fig. 2. Comparison of the deduced amino acid sequences for P. putida 
S-1 and P. putida PpG7 [15] salicylate hydroxylase and P. fluorescens 
p-hydroxybenzoate hydroxylase [20]. Residues that are identical in two or 
all three sequences are boxed and gapped position is shown as - .  PpG7; 
salicylate hydroxylase of P. putida PpG7, S-l: salicylate hydroxylase of 
P. putida S-l, and PHBH: p-hydroxybenzoate hydroxylase of P. fluo- 
rescens. Double underlining indicates the peptide containing the lysine 
residue essential for binding of NADH. 

protein, in which the lysine residue is located at residue 
163 (Fig. 2). The residue is also conserved in the enzyme 
from P. putida PpG7. 

The amino acid and nucleotide sequences obtained in 
this study are useful to disclose the functionally essential 
residues in the catalytic cycle of the salicylate hydroxylase 
by the mutagenesis and crystallography. 
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