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Abstract

A gene coding for the salicylate hydroxylase has been isolated from chromosomal DNA of Pseudomonas putida S-1 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'®.
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Salicylate hydroxylase (salicylate, NADH: oxygen ox-
ido-reductase (1-hydroxylating, decarboxylating), 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, [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 [S]. 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 ‘modifications 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 hydroxylase 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-1 using PCR and cassette-primer PCR techniques
[16]. Amplification of the chromosomal DNA with the
primers described in Fig. | gave DNA 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 fromthe endonuclease (Sa/l and HindHI)-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 45288, which is smaller than the value (54 000)
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ATGAGCAAATCTCCCCTGCGTGTAGCTGTC ATTGGCGGAGGCATCGCTGGTACTGLCLTG

MetSerLysSerProleuArgValAlaVal
GCCCTCGGCCTCAGCAAATCCTCTCACGTC
AloLeuGlyLeuSerLysSerSerHisVal
TTCGGCGAAATCGGTGCCGGCAGTTTCCTTC
PheGlyGluIleGlyAlaGlyValSerPhe
CTGGGTATTGGCGAACTTTACAAAAGCGTT
LeuGlyIleGlyGluLeuTyrLysSerVal
ATCTGGTTTGAATGGCGTCATGCGCATGAT
I1eTrpPheGluTrpArgHisAlaHisAsp
GGTATTGGCCAGTCATCCATCCATCGTGCA
GlyIleGlyGlnSerSerIleHisArgAla
CCTGCGGGCATCGCATCCCTGGGTAAGCAT
ProAlaGlyIleAlaSerLeuGlybysHis
GTGACGCTCAATTTCGCAGATGGGAGCACC
ValThrLeuAsnPheAlaAspGlySerThr
GGCATCAAGTCCTCCATGCGAAATACGCTG
GlyIleLysSerSerMetArgAsnThrleu
CCGCAGTTCACCGGGACATCLGCCTACCGC
ProGlnPheThrGlyThrSerAlaTyrArg
GCCTACCAAGCGGCATCACTGGACGAGCAT
AlaTyrGlnAlaAlaSerLeuAspGluHis
GAAGACGGCCACGTACTGACCTTCCCGGTT
GluAspGlyHisValleuThrPheProVval
TTCGTGTCTGATCGCAGCGTCGCCAAACCG
PheValSerAspArgSerValAlatysPro
CCCGCCACCACAGACGAGATGCTGCACCGA
ProAlaThrThrAspGluMetLeuHisArg
CTCCTGACCAGCATCAAGAGCCCAACCCTC
LeuLeuThrSerIlelLysSerProThrleu
ACCTATGTGCATGGTCGCGTAGCACTGATT
ThrTyrValHisGlyArgValAlaLeulle
CAAGGCGCAGGAGCAGGTCAGGGCCTTGAG
GLnGlyAlaGlyAlaGlyGlnGlyleuGlu
AACCCTCTTCACGAAGCTAGCGATATTCCA
AsnProLeuHisGluAlaSerAspIlePro
AGGGGCCGCGCCTCCAAGGTTCAGCTGACC
ArgGlyArgAlaSerLysValGlnleuThr
AGAACACCAGGTGTTGAACGCGATACCGCC
ArgThrProGlyValGluArgAspThrAla
AACTGGATCTGGAACTACGACCTGGGTGCC
AsnTrpIleTrpAsnTyrAspleuGlyAla
GCATAA

Ala *

IleGlyGlyGlyIleAlaGlyThrAlateu
AATGTCAAACTGTTTGAAACTGCCCCTGCC
AsnVallysLeuPheGluThrAlaProAla
GGCGTCAACGCTGTAGAAGCTATCCAACGC
GlyValAsnAlavalGluAlaIleGlnArg
GCAGACAGCACCCCAGCACCTTGGCAAGAC
AlaAspSerThrProAlaProTrpGlnAsp
GCTTCGCTTGTAGGCGCCACCGTTGLGCCG
AlaSerLeuvalGlyAlaThrValAlaPro
GACTTCATCGACATGCTCGAAAAGCGTTTG
AspPheIleAspMetleuGlulysArgleu
GTCGTTGACTACACCGAAAACGCTGAAGGG
ValValAspTyrThrGluAsnAlaGluGly
TACACTGCTGACGTAGCGATCGCTGCAGAC
TyrThrAlaAspValAlaIleAlaAlaAsp
CTGCGTGCCGCCGGCCATGATGCCOTCCAT
LeuArgAlaAlaGlyHisAspAlaValHis
GGGCTTGTAGAGACCTCTGCCCTTCGCGAG
GlylLeuvalGluThrSerAlateuArgGlu
TTGCTCAATGTGCCGCAAATGTACTTGATC
LeuleuAsnValProGlnMetTyrLeuThr
AAAAAGGGGAAGTTGATCATTATCGTGGCG
LysLysGlylLysLeuIleIleIleValAla
CAGTGGCCATCCGACCAACCTTGGGTTCGT
GlnTrpProSerAspGlnProTrpValArg
TTTGCAGGCGCCGGAGAGGCAGTAAAAACC
PheAlaGlyAlaGlyGluAlaValLysThr
TGGGCCCTTCATGACTTTGACCCGCTGCCC
TrpAlaleuHisAspPheAspProleuPro
GGCGATGCTGCGCACGCCATGCTCCCACAC
GlyAspAlaAlaHisAlaMetLeuProHis
GATGCTTACTTCATGGCCGAACTGCTCGGC
AspAlaTyrPheMetAlaGlulLeuleuGly
GCTCTCTTGGAGGTGTATGACGACGTTCGC
AlaleuLeuGluValTyrAspAspValArg
TCGCGTGAAGCAGGCGAACTCTATGAATAT
SerArgGluAlaGlyGlubeuTyrGluTyr
AAGCTGAAGGCTTTGCTTGAGAGCCGTATG
LysLeulysAlaleuleuGluSerArgMet
GAGGCTCGTCTGGCAGTTAAACCCGCCCTC
GluAlaArgleuAlaVallysProAlaLeu

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 [;
CC(AG)CTGCG(GCIGT(CG)GC(CG)AT(CTIGG(CT)GG, primer 2:
CC(CGI)GT(AG)AA(CT)TG(ACGT)GG(AG)TG
(CG)AC(CG)GC(AG)TC, primer 3: GG(CTIGG(CT)GGICDAT(CT)
GC(CG)GG, and primer 4: TH(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 Sall and EcoRI, 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 pSAHI. It was digested with
PmaCl and HindIll 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
DDBIJ/ 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 45157. 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-1, 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 1 MKNNKLGLRILGTVIGGG IISGVIAL ALERIC R YIS HIL QVOlL F E}A P——FFGHﬂEKﬁVSF NAY]

5-1 i USSP VEFGGI ALA KISiS HIVN VIK Pl--AFGE[GAGVSFGVNAY

PHBH 1 UKTQYAI[LG L LLIGQULHKAG TDINVIILERQTD Y V LIGIRli[KIA G VI-LEQG MyD
59 H& E L VA gmsﬂ DIV E- -EW G%A Y 1[G A VGQSSVHRADF 1
57  |ALQRILG{IlG EILYK SIV A DISITIP AIP ¥iQ - ~[E W RIH A BDASLIVG Al 1GQSSITHRADF |
55 LLREAGVDRR--NARDIGLVHEGY EIIARAGQRIRIR | DLKRILISGIG KT TV Y -GQTEV TRNDIL M
116 AV THLPEIG TAQFGKRATQVEQQGGE - VLi b ¥IR-- DL L] ADGIK%K RIS H
114 [DHLEK LPAGIASIGKEEPDYTENA G - -V TIL NFIAD GIS TIYIT - - AWV AIEAA DG LK SSKRNT
111 EAREACG-ATTYYQAAENVRLHDLQGERP YV TFER-DGERLRLDCDYTAGCDGFHG TSRS
172 ViEG LAP'nﬂ I {IDSLALREAVRIHGI v PquLGTﬁTlFﬁFP
170 R AA HDA! P AYRGILVETS[ALREA IAAE DEHLLNYPQUYLT[EDGHVILTF
169 1P AERLKY- - [HERVYPF—GWLGLLAD ---TPPVIS-HE- - - - 1L LY ANHPRGIFA
232 NGI I[T]N vy ART/SDRSEP) EF PIVE QRENLDA -] wb\gﬂ}u{ [LLEC{ie AP
230 [VIKKIGK LII]T T[vA FV|SDRS VIAK PIQ¥ PISIDKAP ¥ ¥ RPIAIT TD ng— AIG EAVKTLLTSILKSP
210 LCSQR----SATRISRY PLTEKVEDISDERFWTEL K ARIL PAE V AKX L V{TIG PS L EK
291 [M-LWALHDLAELPGY VHGR VLIGDAAHAILPHQGAGAGQGLEuAka'- DTQADA-
289 |T-LWALEDFDPLPTY VEGRVAL IGDAAHANLPE GAGAGQgLEDAYF AL L CNPILE Bl
266  APLRS--JFVVEP- MQEG [NGD A AH- T VIPIP TG Al- - - KiG LINUIAAS DV STILY R LILIL KIAY
349 -GHNLA AV DD- - RlY WETGELY VIGANEQ G ENLA FDHL
347 -SDIPA D~ - YRR y IAG EL Y EIYRITIPlGIVE RDTIAK K' ILJE S{RlM NiW[1
318 REGRGELLERYISA1CLRR|IW--WAERFISF¥NTSVLE-RFP- - - -DT- - - DIAFSQRTQQTE
106 E}ﬂ ™ ARLGWEHGGGGALRQG
404 [NNYDLI-- VKPALA
368  LENNL---@ TIAENYVGLPYEETE

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-1: salicylate hydroxylase of
P. putida S-1, 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 PpGT7.

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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