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The TOL plasmid pWWO of Pseudomonas putida encodes a set of enzymes required for the oxidation of toluene to Krehs cycle intermediates.
The structural genes for these enzymes are encoded in two operons which comprise the xy/CMABN and xyiX YZLTEGFJQKIH genes, respectively.
The function of the xp/T gene has not yet been identified. The nucleotide sequence of xy/T was determined in this study and putative gene product
was shown to contain a sequence characteristic for chloroplast-type ferredoxins. The nah T gene, the homologue of xpIT, present on NAH plasmid
WAH?7 encoding naphtalene-degrading enzymes, was also sequenced. The sequence conservation between xp/T and nahT strongly suggests that
both gene products have some physiological function. Chloroplast-type ferredoxins have been discovered in photosynthetic organisms (plants, algae,
cyanobacteria and Rhodobacter) and Halobacterium species. Furthermore, chloroplast-type ferredoxin-like sequences have been found in the elec-
tron-transfer components of some oxygenases. The sequences of XyIT and NahT were compared with those of the previously identified chloroplast-
type ferredoxins, in order to examine their evolutionary relationships.

TOL plasmid; NAH piasmid; Ferredoxin; Chloroplast-type; Protein evolution

1. INTRODUCTION

TOL plasmid pWWO0 and NAH plasmid NAH7 have
originally been discovered in P. putida strains mt-2 and
PpG7, and encode catabolic functions for the
mineralization of toluene and naphthalene, respectively
[1-3]. In these catabolic pathways, the initial
substrates, namely toluene and naphthalene, are
transformed into catechol, which is further oxidized to
Krebs cycle intermediates. In our previous study, the
gene order of the meta operon of TOL plasmid pWWO,
which encodes the enzymes necessary for the
mineralization of benzoate via catechol has been deter-
mined to be: xyIXYZLTEGFJQKIH [4]. The xyiIXYZL
genes are required for the transformation of benzoate
to catechol while the xy/[EGFJKIH genes are required
for the oxidation of catechol to Krebs cycle in-
termediates (Fig. 1). The function of the xy/T product
is not yet known. The catabolic genes on the NAH7
plasmid have also been chaacterized. The sa/ operon on
the plasmid encodes nahGHINLJK; the nahG gene is
the structural gene for salicylate hydroxylase while
nahH, nahl, nahN, nahlL, nahJ and NahK are isofunc-
tional to xyIE, xylG, xviF, xylJ, nahH and xylI, respec-
tively, Extensive sequence homology exists between
XVIE and nahH and between xy/G and nahl [S,6]
Salicylate hydroxylase, encoded by nahG, catalyzes a
reaction completely different from that catalyzed by the
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XyIL product (Fig. 1), and no DNA sequence similarity
exists between xy/L and nahG [6a] (Harayama, S. and
Rekik, M., unpublished result). We have, however,
found that homologous recombination could occur be-
tween the xy/T region on pWWO0 and the upstream
region of nahH on NAH7 (Harayama and Rekik, un-
published result). This observation suggests that the
NAH?7 plasmid encodes a gene analogous to xy/T in a
region between nahG and nahf (Fig. 2). The evolu-
tioniary conservation of the xy/T-like sequence in the
NAH?7 plasmid indicates that xy/T and its homologue
on the NAH7 plasmid named nah7, play some
physiological role in the metabolism of catechol. In this
study, we sequenced the DNA regions of xy/T and
nahT.

2. MATERIALS AND METHODS

2.1. DNA sequencing and analysis

Sau3A-generated fragments of pGSH2939 carrying the na#T se-
quence were cloned into M13 bacteriophage derivatives, tg130, tgl31
and mpl8 as described previously [5]. DNA sequencing using M13
derivatives was carried out by the established method [7]. Klenow
fragment was used for the sequencing of the M13 derivatives. Two
deletion derivatives of pGSH2939, A(Xbal-Ncol) and A(Ncol-
EcoRl), were sequenced using T7 polymerase according to instruc-
tions by Pharmacia. The xy/T region of the pW W0 DNA was subclon-
ed from pGSH3042 [5] into pGEM-7Zf(—) [8] from which nested
deletions were obtained using exonuclease 11l according to Henikoff
[9]. These plasmids were sequenced by T7 polymerase. The alignment
of xyIT and nahH was carried out manually whereas the multiple
alignment of chloroplast-type ferredoxins was done with the
CLUSTAL program [10] in the PC/GENE software package
(developed by A. Bairoch and available from IntelliGenetics).
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Fig. 1. Parts of the catabolic pathways encoded by TOL plasmid

pWWO0 and NAH plasmid NAH7. Enzymatic steps involved in the

transformation of benzoate into 2-hydroxymuconic semialdehyde in

the TOL catabolic pathway, and those involved in the transformation

of salicylate into 2-hydroxymuconic semialdehyde in the NAH
catabolic pathway are presented.

3. RESULTS AND DISCUSSION

The strategy for DNA sequencing in the region be-
tween xy/L, the structure gene for 1,2-dihydroxycyclo-
hexa-2,4-diene carboxylate dehydrogenase, and xy/E,
the structural gene for catechol 2,3-dioxygenase is
shown in Fig. 3. As shown in Fig. 4, this region contains
an open-reading frame which allows the synthesis of a
polypeptide of 12 034 daltons. A putative initiation
codon for xY/T is preceded by a Shine-Dalgarno-like se-
quence, GGA. The initiation codon of xy/E overlaps
with the TGA stop codon of xy/T. The DNA region
upstream of nahH was determined by the strategy
shown in Fig. 3 and its nucleotide sequence and a possi-
ble gene product from this region of DNA is presented

PP X XHp X
| 1 1 1l |
TOLpWWO ny/X TY] z rl. ”_TJ 13 ] G

H P Hp  H X

LI [

NAH 7 lnahG I [rl H _/_
1 | W \ | S {
5 kb

Fig. 2. Order of the catabolic genes on TOL plasmid pWW0 and

NAH plasmid NAH7. The functions of these genes are indicated in

Fig. 1, except xy/T and nahT whose function is not yet known.

Restriction sites are: P, Pstl; X, Xhol; Hp, Hpal; and H, Hindlll,
Boxes represent gene locations.
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500 bp

Fig. 3. Strategics for the sequencing of xy/T and nahT. Restriction
sites are: K, Kpnl; N, Ncol; Sm, Smal; Sc, Sacl; Pv, Pvull; and S,
Sau3A.

nahT GATCTAAGCATGGGCGRCCTACCGACCCTAGEGTCAGTGG6CCGEAGCCACAACGGCAAC
aylv TCGACAGCAGCCTTATGAAACGC TACGGAAGCAT TGACGAGCAGGTCGAGGCAATTCTGY

naht CTAATATGGTTTCCCTTGCATGCTGLGCCGCAGAGCGTCGETGGAGATAACAATGCACAA
xylt TCCTYGCYTCTGACGCCGCCTCCTACATCACCGGTATAACTCT TCCGGTGGCAGGGGGAG

nahT CAATAACAAGATGCTTTGCTCGTTCCGTTCCACCTTTACCGTCAGTGCYCTGGCATTGGC
xylr ACCTCGGETGCCAGAGCTGTTCCGTCATGTTTAGTGTATCTGGGYGACCCTTATGTCTGS

naht CCTCTGCATTTCCCTGGCAAGAGCGGTCAAGGCGGECGAACCGATCAAGATTGGTCTTTT
*ylr TTAAGAAGAGAAATCGACAT GCGAAGAAGCAACGTACATARGACCCCT GAGGCTCATTTT

nahT GATTTCCGACAGCAGCATCTTCGCGGCCLCGAGTGAAGETACTCCGTTTCTGCCACGGTYY
xylT CGGGGTTATGGCGGCATCACCCAGAGCTGTTGGGGGATACTTCCGTCATGTTTAGYGTAT

nahT GAGCGGAGGGAGATATGTCAGAGGTCTTTGAAATCACTGTGCAGCCTGGTGGAGAGCGEY
*xyly CYGGSATGAATATGAACAGTGCCGGCTACGAGGTOT TCGANGTGCTAAGCGGCTAGTCAT
NahT M S EVFEILI TVQPGGER
XyLT M N SAGYEVFEVLSGE® @S

nahT TTGTCTGYCAGCCTCAGCAATCAGCGT TGCATGCCATGGAGACGCAGGGCAAGCGLTGLT
xylT TCCGCTGTGCGGAGGGCCAGTCGGTACTGCGCGCCATGGAAGCCCAGGGCAAGCGCTGCA
NahT FVCQPQOQeS ALUHAMNET® GQGE KT RT
XYLT F RCAEG®SSVLRAMKEA ARGGGI KR RT

nahT TACCTGTGGGETGTCGCGGEGGLGGT TGTGGCTTGTGCAAGGTGAGGGTGETTGCLGGTG
xylt TACCGGTGGGCTGTCGCGGTGGCGRY TGCGGCCT TTGTAGAGTGCGGGTGCTCAGCGGAG
NahT L PVGCRGGGCG6 L CKVRVLAGSG
XylT 1 PVGECRGEGEGCGE LCRVRVLSGEG

nahT ACTACGAGAGCGGGCGCGTGAGCTGCAAGCACCTACCGGTAGAAGCACGCGAATAAGGCT
xyl7 CCTACCGGAGCGGACGCATEAGCCGCGGTCACGTGLCGECCAAGGCCGCCACCGAAGCGE
KahT D YES GR VS CKHLPVEA ARET GG
XylT A Y RS 6GRMS RGHUVPAKAAATEA

naht ATGCCTTGGCCTGUCGACTGT TTGCCCGUAGCGATCTTTGTATCGAGLGT TACTCAAAGE
xytT TGGCCCTGGCCTGTCAAGTGY TTCCGCAAACCGACTTGACCATCGAGTACTYTCGCCACG
NahT YALACRULFARSTDLTCTIERYSZK
XytT LALACQVFPQTDLTIEYTFRH

nahT CGTGCAGTGAAAGTACGGTCGACCAACAACAAAGAGAATAGGTGATTTCATG
xylT TTGGCGGAAACAAACCTGACAACATGAACTATGAAGAGGTGACGTCAIGA
NahT PCSESTVDQaa@RE -

XylT VGGNKPDNMNKNYTEEVTS -

Fig. 4, The nucleotide sequences of xy/T and nah T and the amino acid

sequences of the putative xp/7T and nah T produets. Shine-Dalgarno-

like sequences for the xy/T and nahT genes are underlined. The ATG

sequences present at the end of xy/T and nahT are the initiation
codons for xylE and nahH, respzectively,
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127 1110
FERSPIPL ATYKVTL INEAEGINETIDCDDDTYILDAAEEAGL -DLPYSCRAGACSTCAGT ITSGT1DQ50Q- -~ - SFLDDDQIEAGYV-LTCVAYPTSDCT IKTHQEEGLY
FERGHLFR ATYKVTL INDAEGLRQTIEVDDDTYILDAAEEAGL -DLPYSCRAGACS TCAGK 1KSGTVDASDQ-~ - - SFLDUDAI EAGYV-L TCVAYPTSDCT IETHKEEELY
FERPORUH ADYKIHLVSKEEGIDVTFDCSEDTYILDAAEEEGT ~ELPYSCRAGACSTCAGKVIEGTVDASOQ- ~ - - SFLDDECHLKGYV <L TCIAYPESDCTILYHVEQELY
FERHALHA PTVEYLNYETLODQGWOMDDDDLFEKAADAGLDGEDYGYHEVAEGEYILEAAEAQRGY -DUPFSCRAGACANCAS I VKEGE [DKDHQ- ~ - - QILSDEEVEEKDVRLTC T GSPAADEVK I VYNAKHLDYLGNRV]
XYLAN KNEFFKKISG!L FVPPPESTVSVRGAGFOFKVPRGATILESALHQGT - AFPHDCKVGSCOTEK YKL ISGRVNEL TS « - SANGL SGDLY@SGYRLGCOCIPKEDLEIELDTVLGGA
PHPSN HSYNVTIEPTGEVIEVEDGQT I LOAALRQGY - HLPFACGHGTCATCKVOVVEGEVDIFEA- - - SPFALHDIERDERKALACCAIPLSDLVIEADVDADPD
HHOCN MORVHT | TAVTEDGESLRFECRSDEDVITARLRGON] - FLHSSCREF FCATCKAL CSEGDYDLKGC- - - SVQALPPEEEEEGLVLLCRYYPKTDLEIELPYTHCRI
XYLZH KTHKVATOFEDGVTRFIDANTGETVADAAYRQGT - NLPLDCRDGACGACKCFAESGRYSLGEE - - YIEDALSEAEAEQGY VL TCOMRAESDCVIRVPAASOVE
BENCH HSLYLNRIPANSNHOVALOFEDGVTRFICIAQGETLSOAAYRQQL -NIPHMDCREGECGTCRAFCESGNYDHPED - NY I EDALTPEEAGQGY VLACOCRPTSDAVFOIOASSEVC
FERRCAP HDKATLYFTDVSITVRVPTGTRI [EMSEKVGS -Gl TYGCREGECGTCMTHILEGSENLSEPTALEHRYVLEENL GGKDDRLACOCRVLGGAVKVRPA
XYLT MNSAGYEVFEVLSGOSFRCAEGOSVLRAHEAQGKRCIPVGCRGGGCGLCRVRVLSGAYRSGRM: - - SRGHVPAKAAAEALALACOVFPQTOLTIEYFRHVGGNKPONMNYEEVTS
NAKY MSEVFE] TVOPGGERFYCAPIQSALHAHE TQGKRCLPYVGCRGGGCGLEKVRYLAGDYESGRV - - - SCKHLPVEAREQGYAL ACRLFARSDLCIERYSKPCSES TVDOOCR
VANBC DARAFEGRLARSGLTLOVPAERSVAQVLDDAGV-CIPLACEQGICGTCLTRVLDGEPEKRDS » - -~ - FLTDAERARKDOFTPCCSRARSACLVLDLYQEEPRGLAVPGLVTGR
v v ¥ » .

Fig. 5. Alignment of the XyIT and NahT sequences with other chloroplast-type ferredoxins. (—) = no corresponding amino acid, (*) = identical
amino acid. Sources of the amino acid data are: ferredoxin from Spirulina platensis (FERSPIPL) [19], ferredoxin from Chlorogloepsis fritschii
(FERCHLFR) [20], ferredoxin from Porphyra umbilicalis (FERPORUM) [21], ferredoxin from Halobacterium halobium (FERHALHA) [22], the
amino-terminal sequence of XylA, an electron transfer component of xylene mono-oxygenase [16}, the amino-terminal sequence of Polypeptide
5 of phenol hydroxylase (PHPS5N) [15], the amino-terminal sequence of the electron transfer component of methane mono-oxygenase [14], the
amino-terminal sequence of Xy!Z, an clcctron transfer component of toluate 1,2-dioxygenase (XYLZN, Harayama et al., unpublished), the amino-
terminal sequence of BenC, an electron transfer component of benzoate 1,2-dioxygenase (BENCN, Neidle et al., submitted), ferredoxin from
Rhodobacter capsulatus (FERRCAP) [12] and carboxyl-terminal sequence of VanB, an electron transfer component of vanillate decarboxylase
(VANBC) [13]. The fraction of homologous sequences in the aligned sequences between coordinates 27 and 110 was counted for all pairs of the
sequences, and summarized in Table I.

quences similar to those of the chloroplast-type fer-
redoxins have been found in the electron transfer com-

in Fig. 4. The gene encoded upstream of nahH was
named nahT. The nahT region has also been sequenced

by You et al. [6a]. The nucleotide sequence similarity
between xy/T and nahT, and the ainino acid sequence
similarity between XylT and NahT are evident in Fig. 4.
Inspection of the amino acid sequences of XyIT and
NahT revealed the presence of the sequences
characteristic to chloroplast-type ferredoxins, namely
Cys-XXXX-Cys-XX-Cys [10]. This class of ferredoxins
contains one [2Fe-2S] cluster, and the four non-variant
cysteine residues bind two iron atoms. These ferredox-
ins have originally been found in photosynthetic
organisms, namely plants, algae and cyanobacteria.
The chloroplast-type ferredoxins are also found in non-
photosynthetic archaebacteria, such as the Halobacte-
rium species [11]. More recently, a chloroplast-type fer-
redoxin was found in Rhodobacter capsulatus, a

ponents of some oxygenases, namely in the carboxyl-
terminal sequence of the VanB component of vanillate
decarboxylase [13], and in the amino terminal of the
MmoC component of methane mono-oxygenase [14],
of Polypeptide 5 of phenol hydroxylase [15], of the
XylA component of xylene mono-oxygenase [16], of
the BenC component of benzcate dioxygenase [17]
(Neidle et al., submitted), and of the XylZ component
of toluate dioxygenase [18] (Harayama et al.,
manuscript in preparation). Therefore, it would seem
that these oxygenase subunits have emerged by fusion
of ancestral chloroplast-type ferredoxins with other
proteins. The alignment of XyIT and NahT with other
chloroplast-type ferredoxins is pres:znted in Fig. 5, and
the fraction of homologous amino acids is presented in

photosynthetic bacterium [12]. Furthermore, the se- Table 1.

Table 1
Percent homologies between chloroplast-type ferredoxins
FERSPIPL FERCHLFR FERPORUM FERHALHA PHPSN MMOCN XYLAN XYLZN BENCN FERRCAP XYLT NAHT VANBC
FERSPIPL 100

FERCHLFR 89 100
FERPORUM 70 67 100
FERHALHA 37 40 40 100
XYLAN 28 31 27 28 100
PHPSN 18 22 22 21 32 100
MMOCN 22 22 26 25 31 22 100
XYLZN 24 23 25 23 27 32 33 100
BENCN 20 20 20 21 26 29 35 63 100
FERRCAP 20 21 12 24 20 26 18 25 26 100
XYLT 19 19 22 24 28 24 23 26 27 20 100
NAHT 19 17 20 20 32 25 29 28 24 19 55 100
VANBC I8 20 18 22 22 17 11 17 15 20 25 23 100

The percent homologies between all pairs of aligned chloroplast-type ferredoxins are shown. The comparison was made between the residues 27
and 110 shown in Fig. 4. Gaps are considered to be mismatched.
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Fig. 6. Proposed phylogenetic relationships derived from the com-
parison of partial ferredoxin sequences. See Fig. 5 for the sequence
names.

Possible evolutionary relationships between these fer-
redoxins were examined based on the results in Table 1.
As shown in Fig. 6, the chloroplast-type ferredoxins
could be classified into five distinct subfamilies. The
first subgroup comprises ferredoxins from chloroplasts,
cyanobacteria and the Halobacterium species. These
ferredoxins are characterized by their low mid-point
redox potential (—300 mV or less). The second
subgroup consists of the ferredoxin sequences found in
BenC, MmoC, Polypeptide 5, XylZ and XylA. All the
proteins in this subfamily are composite polypeptides
which consist of ferredoxin-like structure in the amino-
terminal region and NADH ferredoxin oxidoreductase-
like structure in the carboxyl-terminal region. Since
these ferredoxins are involved in the electron transfer
from NADH to oxygen, their mid-point redox potential
may be significantly higher than those of the first sub-
family. The ferredoxins from x»/T and nah T are simiiar
to each other, however these proteins are distantly
related to any of the other ferredoxins. Chloroplast-
type ferredoxin from R. capsulata and carboxyl-
terminal sequence of VanB are also strongly diverged
from other ferredoxin sequences. XylA, XyIT and XylZ
are encoded on TOL plasmid pWW0. However, the se-
quence similarities between these proteins are not
stronger than those between other ferredoxin pairs.
This observation suggests that the direct progenitors of
the ferredoxin genes on TOL plasmid pWWO0 are not
common, but these genes were derived from different
ancestral ferredoxin genes.
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Since the xyIT and NahT genes were conserved on
two different catabolic plasmids, their products may be
involved in a metabolic step common to toluene- and
naphthalene-degradative pathways, namely one of the
steps for the transformation of catechol to Krebs cycle
intermediates. We are in the process of isolating
mutants of pWWO0 defective in xy!T in order to assess
the role of XylIT in the metabolism of catechol.
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