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Summary. The meta-cleavage operon of TOL plasmid
pWWO of Pseudomonas putida encodes a set of enzymes
which transform benzoate/toluates to Krebs cycle interme-
diates via extradiol (meta-) cleavage of (methyl)catechol.
The genetic organization of the operon was characterized
by cloning of the meta-cleavage genes into an expression
vector and identification of their products in Escherichia
coli maxicells. This analysis showed that the mera-cleavage
operon contains 13 genes whose order and products (in ki-
lodaltons)  are  xyIX(57)-xylY(20)-xylZ(39)-xyIL(28)-
xyIT(12)-xyl E(36)-xylG(60)-xyIF(34)-xplJ(28)-xylQ(42)-

xyIK(39)-xyll(29)-xylH(4). The xyIXYZ genes encode three
subunits of toluate 1,2-dioxygenase. The xy/L, xylE, xylG,
xylF, xylJ, xyIK, xyll and xy/H genes encode 1,2-dihyd-
roxy-3,5-cyclohexadiene-1-carboxylate dehydrogenase, ca-
techol 2,3-dioxygenase, 2-hydroxymuconic semialdehyde
dehydrogenase, 2-hydroxymuconic semialdehyde hydro-
lase, 2-oxopent-4-encate hydratase, 4-hydroxy-2-oxovaler-
ate aldolase, 4-oxalocrotonate decarboxylase and 4-oxaloc-
rotonate tautomerase, respectively. The functions of xyIT
and xylQ are not known at present. The comparison of
the coding capacity and the sizes of the products of the
meta-cleavage operon genes indicated that most of the
DNA between xy/X and xylH consists of coding sequences.

Key words: TOL plasmid — Catabolism — Pseudomonas pu-
tida — Meta-cleavage operon — Maxicells

Introduction

TOL plasmid pWWO of Pseudomonas putida encodes a set
of enzymes which oxidize toluene/xylenes to Krebs cycle
substrates (Fig. 1). Genes for these enzymes are clustered
in two operons (Nakazawa et al. 1980; Inouye et al. 1981;
Franklin et al. 1981). One operon encodes a set of enzymes
which oxidize toluene/xylenes to benzoate/toluates (““up-
per” pathway; Harayama et al. 1986b, 1989a; Inouye et al.
1981) whereas the other encodes a series of enzymes which
degrade benzoate/toluates to pyruvate, acetaldehyde/pro-
pionaldehyde and fumarate/acetate (meta-cleavage path-
way) via extradiol (meta) ring-cleavage of catechols (Har-
ayama et al. 1984, 1986a; Inouye et al. 1981). It has been
demonstrated that the structural genes for the meta-cleavage
pathway enzymes are organized in the following order: pro-
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moter — xylXYZ (the structural genes for toluate 1,2-dioxy-
genase) — xplL (1,2-dihydroxy-3,5-cyclohexadiene-1-car-
boxylate dehydrogenase) — xylE (catechol 2,3-dioxygenase)
— xyIG (2-hydroxymuconic semialdehyde dehydrogenase) —
xylF (2-hydroxymuconic semialdehyde hydrolase) — xylJ (2-
oxopent-4-enoate hydratase) — xy/K (4-hydroxy-2-oxovaler-
ate aldolase) — xyII (4-oxalocrotonate decarboxylase) —
xylH (4-oxalocrotonate tautomerase; Harayama and Rekik
1989; Harayama et al. 1984, 1986a).

Pathways for aerobic degradation of benzoate are found
in many bacterial species. In most species, benzoate is trans-
formed by two enzymatic reactions to catechol, which is
subsequently transformed to Krebs cycle substrates via ex-
tradiol (ortho-) cleavage of the aromatic ring. We have re-
cently found a striking similarity between the DNA se-
quences of xy/XYZL responsible for the oxidation of ben-
zoate/toluates to (methyl)catechols and those of the
isofunctional genes encoded in the chromosome of Acineto-
bacter calcoaceticus (Neidle et al. 1987, and manuscript in
preparation). This observation suggested a mechanism of
horizontal spread, among many bacterial species, of a DNA
module which encodes the ability to transform benzoate
to catechol. Similarly, the reactions which assimilate cate-
chol via meta-cleavage were found not only in the TOL-
encoded pathway, but also in catabolic pathways for naph-
thalene and phenol (Harayama and Timmis 1989). Occur-
rence of common meta-cleavage routes in many different
catabolic pathways was determined to be a consequence
of horizontal spread of an ancestral meta-cleavage pathway
(Harayama et al. 1987a; Keil et al. 1987; Osborne et al.
1988; Shaw and Williams 1988; Assinder and Williams
1988; Ghosal et al. 1987). It would appear that the TOL
meta-cleavage pathway genes have been formed from the
fusion of two distinct DNA modules, one determining the
activities necessary to transform benzoate to catechol and
the other encoding enzymes for assimilation of catechol
via meta-cleavage. To aid understanding of the function
and evolution of the meta-cleavage pathway, it is important
to determine precisely the gene organization of the meta-
cleavage operon. In this study, we analyzed gene products
of the operon in Escherichia coli maxicells. This analysis
allowed identification of two new genes.

Materials and methods

Strains and plasmids. Strains used were E. coli K12
derivatives, K12AHIAtrp [lacZ(am) A(bio-uvrB) Atrp(E-
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Fig. 1. The TOL plasmid-encoded metabolic pathway for degrada-
tion of toluene/xylenes to benzoate/toluates: pathway intermedi-
ates, enzymes, and their structural genes. Enzyme abbreviations:
X0, xylene monooxygenase (multicomponent); BADH, benzyl
alcohol dehydrogenase; BZDH, benzaldehyde dehydrogenase; TO,
toluate 1,2-dioxygenase (multicomponent); DHCDH, 1,2-dihyd-
roxycyclohexa-3,5-diene-1-carboxylate dehydrogenase; C230, ca-
techol 2,3-dioxygenase; HMSD, 2-hydroxymuconic semialdehyde
dehydrogenase; HMSH, 2-hydroxymuconic semialdehyde hydro-
lase; 40T, 4-oxalocrotonate tautomerase; 40D, 4-oxalocrotonate
decarboxylase; OEH, 2-hydroxypent-2,4-dienocate hydratase;
HOA, 4-hydroxy-2-oxovalerate aldolase. xyl4 to xylZ designate
the structural genes for the catabolic enzymes. Compounds: for
R=H, R’=H, (1) toluene, (2) benzyl alcohol, (3) benzaldehyde,
(4) bentoate, (5) 1,2-dihydroxycyclohexa-2,5-diene-1-carboxylate,
(6) catechol, (7) 2-hydroxymuconic semialdehyde, (8) 2-hydroxy-
hexa-2,4-diene-1,6-dioate (enol form of 4-oxalocrotonate), (9) 2-ox-
ohex-4-ene-1,6-dioate (keto form of 4-oxalocrotonate), (10) for-
mate, (11) 2-oxopent-4-enoate, (12) 4-hydroxy-2-oxovalerate, (13)
acetaldehyde, (14) pyruvate; for R=H, R’=CH;, (1) m-xylene,
(2) m-methylbenzyl alcohol, (3) m-methylbenzaldehyde, (4) m-to-

A)2/AN7(am) N57(am) cI857(ts) AHI) and MCL22 [1rkA405
trkD1 thi-1 rha rpsL31 A(kdp-phr)214 A(gal-uvrB) A(srl-
recA)306]. Plasmids used were pRME1, pCI857 and pLV385
(Harayama et al. 1986b, 1989a). Derivatives of pLV85 con-
structed in this study are shown in Fig. 2. Since the present
work involves many plasmid constructs, we use their simpli-
fied names (A, B, C, etc.) instead of their original names
(pGSH2829, 2831, 2830, etc) in the text. Both sets of names
are listed in Fig. 2.

DNA and genetic manipulations. Methods for DNA manip-
ulations have been described by Maniatis et al. (1982). The
method for Tn7000 insertion mutagenesis has been de-
scribed previously (Harayama et al. 1989a).

Identification of gene products using maxicells. In the
MCL22 strain containing two compatible plasmids, pCI857
and a pLV85 derivative, genes cloned into pLV85 down-
stream of the P, promoter are inducible at 42° C. Cells of
MCL22 containing pCI857 and a pLV85-based plasmid
were grown overnight at 30° C in L broth (LB) containing
100 mM KCl (MCL22 is defective in potassium transport),
100 pg/ml ampicillin (selection for a pLLV85 derivative) and
25 pg/ml kanamyecin (selection for pCI857). A 20 pl aliquot
of the overnight culture was transferred into 10 ml of the
same medium and the culture was grown to about 3 x
108 cells/ml. Cells were washed and resuspended in 10 mi
TRIS-HCI buffer (100 mM, pH 7.3) containing 10 mM
MgSO,, and irradiated for 20s by a germicidal lamp
(15 W) at a distance of 30 cm. Irradiated cells were sus-
pended in 10 ml LB containing 100 mM KCl and incubated
at 30° C for 1 h, then p-cycloserine was added to 100 pg/ml.
The incubation at 30° C was continued overnight and the
next morning the same amount of D-cycloserine was added.
The incubation at 30° C was continued for 2h and the
cells were pelleted, washed and resuspended to 4 x 10° cells/
ml in methionine assay medium (Difco) containing M9 base
salt and 0.2% glucose. The cells were incubated at 30°C
for 5 min then further incubated for 15 min either at 30°
or 42° C. [**S]methionine (1.2 Ci/umol, Amersham) at a
final concentration of 1 pM was added to the bacterial sus-
pension thus treated, and the suspension incubated at the
same temperature for 5 min. Unlabeled methionine at a
final concentration of 10~* M was then added to the bacte-
rial suspension and after 20 s, trichloroacetic acid to a final
concentration of 2% was added to stop the reaction. The
cells were then pelleted, washed, and resuspended in 40 ul
of sample buffer (8% sodium dodecyl sulfate, 1% f-mer-
captoethanol, 5% glycerol, 0.004% bromophenol blue and
0.1 M TRIS-HCI, pH 7.3). Gel electrophoresis and autora-
diography were performed as previously described (Har-
ayama et al. 1982).

-
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luate, (5) 1,2-dihydroxy-3-methylcyclohexa-3,5-diene-1-carboxyl-
ate, (6) 3-methylcatechol, (7) 2-hydroxy-6-oxohepta-2,4-dienoate,
(10) acetate, (11) 2-oxopent-4-enoate, (12) 4-hydroxy-2-exovaler-
ate, (13) acetaldehyde, (14) pyruvate; for R=CH;, R’=H, (1)
p-xylene, (2) p-methylbenzyl alcohol, (3) p-methylbenzaldehyde, (4)
p-toluate, (5) 1,2-dihydroxy-4-methylcyclohexa-3,5-diene-1-car-
boxylate, (6) 4-methylcatechol, (7) 2-hydroxy-5-methyl-6-oxohexa-
2,4-dienocate, (8) 2-oxopent-5-methyl-4-ene-1,6-dioate, (9) 5-
methyl-2-oxohex-4-ene-1,6-dioate, (10) formate, (11) 2-hydroxy-
cis-hex-2,4-dienoate, (12) 4-hydroxy-2-oxohexanoate, (13) propion-
aldehyde, (14) pyruvate




Enzyme assays. A 11 sample of K12AH1Atrp cells contain-
ing a pLV8S5 derivative was grown at 30° C in LB containing
100 pg/ml ampicillin. When the cell density had reached
approximately 2 x 108 cells/ml, the culture was shifted to
42° C and 250 ml aliquots were withdrawn every hour from
1 to 4h after the temperature shift. Cells were pelleted,
washed and resuspended in 30 m! of 0.1 M potassium phos-
phate buffer (pH 7.3). Preparation of cell-free extracts and
assays for catechol 2,3-dioxygenase, 2-hydroxymuconic
semialdehyde dehydrogenase, 2-hydroxymuconic semialde-
hyde hydratase, 2-oxopent-4-enoate hydratase, 4-oxalocro-
tonate decarboxylase and 4-oxalocrotonate tautomerase
were carried out as previously described (Harayama et al.
1984, 1987b). The assay method for 1,2-dihydroxy-3,5-cyc-
lohexadiene-1-carboxylate dehydrogenase has been de-
scribed by Reiner (1972).

Results

Our previous studies showed (Harayama et al. 1984, 1986a)
that the EcoRI-E (fifth largest EcoRI) segment of pWWOQ
contains the catabolic genes, xy/YZLEGFJ. This segment
was cloned into the expression vector, pLV835, in an orienta-
tion which allowed expression of xy/YZLEGFJ from the
lambda P, promoter. This construct (plasmid A; Fig. 2)
was introduced into the E. coli host, K12AH1Atrp, which
carries the temperature-sensitive lambda repressor gene,
cI857, on its chromosome. At 42° C, the following enzyme
activities were induced: 1,2-dihydroxy-3,5-cyclohexadiene-
1-carboxylate dehydrogenase, catechol 2,3-dioxygenase, 2-
hydroxymuconic semialdehyde dehydrogenase, 2-hydroxy-
muconic semialdehyde hydrolase and 2-oxopent-4-enoate
hydratase (data not shown).

Tn1000 insertion mutants of plasmid A were isolated
and the sites of these insertions were located on the restric-
tion map of the TOL EcoRI-E segment. From the genetic
map established previously (Harayama et al. 1984, 1986a,
1987b), the genes inactivated by these insertions could be
deduced: TnZ000 insertions 1 and 2 were in xy/Z, 3 and
4 in xyIL, 5 in xylE, 6 in xylG and 7 in xylJ (Fig. 2). By
measuring enzyme activities expressed at 42°C in
K12AH1Atrp cells containing Tn7000 insertion derivatives
of plasmid A (A-1, A-2, etc.), it was demonstrated that these
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Fig. 2. pLV85-based hybrid plasmids containing the TOL meta-
cleavage genes. The uppermost part shows the restriction sites of
TOL plasmid pWWO0 and location of the meza-cleavage pathway
genes. The transcriptional start site of the operon (Inouye et al.
1984; Mermod et al. 1984) is given as the zero coordinate of the
restriction map. B, BamHI; Bg, Bg/ll; C, Clal; E, EcoRI; H, Hin-
dlIl; Hp, Hpal; K, Kpnl; P, Pstl; S, Sall; Sc, Sacl; Sm, Swmal;
X, Xhol. The functions of xyIX, Y, Z, L, E, G, F, J, K, I and
H are indicated in Fig. 1 whereas those of xyIT and xylQ are
not known. The xp/S and xy/R genes are regulatory genes (Inouye
et al. 1986, 1988). The sizes of the products in kDa are indicated
under the gene names. The structures of the hybrid plasmids used
in this study are indicated under the map. Open and shaded boxes
show TOL plasmid pWWO0 DNA and the pLV83 expression vector
DNA, respectively. Arrows in the shaded boxes indicate the direc-
tion of transcription from the P; promoter. Plasmid A was con-
structed by cloning the TOL EcoRI-E segment into pLV85. Tn1000
insertion sites in plasmids A1 to A7 (derived from plasmid A) are
indicated. Plasmid B was constructed from plasmid A by deletion
of its 1.5 kb Xhol segment, whereas plasmid C was constructed
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by deletion of both the 1.5 and 2.3 kb Xhol segments of plasmid A.
Plasmid D is a derivative of plasmid C carrying a kanamycin resis-
tance cassette inserted into its unique Sacl site. Plasmid E was
isolated from plasmid B by deleting three Pvull (Pv) segments of
the latter plasmid (Poull sites on the TOL DNA are not shown
on the restriction map). Plasmid F was constructed from plasmid E
by digestion with Puull and EcoRV (V) followed by ligation
(EcoRV sites on the TOL DNA are not shown on the restriction
map). Plasmid G was constructed by digesting plasmid F with
EcoRI and Sall followed by Klenow-filling and ligation. Plas-
mids H and I were constructed from plasmid A by deletion of its
5kb BamHI segment and its 5.3 kb Hpal segment, respectively.
Plasmid J was constructed by cloning a 4 kb EcoRI-Bg/ll segment
of TOL pWWO0 into pLV85. From plasmid J, Tn/000 insertion
derivatives J1, J2, J3 and J4 were isolated. Their Tn7000 insertion
sites are indicated. Plasmid K was constructed by inserting a 2.3 kb
EcoRI-Xhol segment of TOL pWWO0 between the EcoRI and Sall
cloning sites of pLV83. Plasmid L. was constructed by inserting
the 3 kb Sacl-Xhol segment of TOL pWWO0 into pGSH2833, a
pLV8S5 derivative containing TOL upper operon DNA (Harayama
etal. 1989a). In plasmid L, a 0.6 kb DNA segment derived from
the upper operon of TOL pWWO (striped box) has been inserted
between the vector DNA and the meta-cleavage operon DNA.
In plasmid M, the same 3 kb Sacl-X#ol segment was cloned direct-
ly into pLV85 between the EcoRI and Sall sites using an EcoRI-
Sacl adaptor
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Fig. 3. Autoradiograms of sodium dodecyl sulfate polyacrylamide gels containing [*°S]-methionine-labeled proteins synthesized in maxi-
cells. The xyl genes cloned into pLV85 were, if not stated otherwise, induced at 42° C and their products were examined in maxicells.
The symbol («) indicates the xy! gene products whereas the symbol (<J) indicates truncated or degraded products of the xy/ genes.
On the left side of the gel, molecular weights of gene products and gene names are indicated. Upper case letters indicate that these
are true products whereas Jower case letters mean that they are either truncated or degraded products. (I) Lane 1, plasmid A; lane 2,
plasmid B; lane 3, plasmid A-1; lane 4, plasmid A-3; lane 5, plasmid A-4; lane 5, plasmid A-6; lane 6, plasmid A-5; lane 7, plasmid A-2;
lane 8, plasmid A-7. (II) Lane 1, plasmid A ; lane 2, plasmid C; lane 3, plasmid B; lane 4, plasmid H; lane 5, plasmid F; lane 6, plasmid A
(30° C); lane 7, plasmid A; lane 8, plasmid I. (III) Lane 1, pLV85; lane 2, plasmid D; lane 3, plasmid C; lane 4, plasmid E; lane 5, plas-
mid F. (IV) Lane 1, pL.V85; lane 2, plasmid G; lane 3, plasmid F; lane 4, plasmid E. (V) Lane 1, plasmid H; lane 2, plasmid F; lane 3,
plasmid I. (VI) Lane 1, plasmid H; lane 2, plasmid J. (VII) Lane 1, plasmid K ; lane 2, plasmid L; lane 3, plasmid J; lane 4, plasmid M



Tnl000 insertion mutations exerted polar effects on down-
stream genes (data not shown). Plasmid A and its Tn7000
insertion derivatives were used to transform the maxicell
strain MCL22 containing pCI857. MCL22 containing
pCI857 and plasmid A produced at least eight different pro-
teins at 42°C (Fig. 3-I, lane1). The XylY®2Z-
"L"ETGFTJT (A1 and  A-2) and XylY'Z-
*L"E"G F~J~ (A-3 and A-4) mutants of plasmid A syn-
thesized a 20 kDa polypeptide (Fig. 3-I). Therefore, the
20 kDa polypeptide is the xp!Y product, as was previously
determined (Harayama et al. 1986a). One polypeptide of
27kDa in size was synthesized from the XylY*Z-
*L™E"G"F~J~ plasmid A-4 but not from the parental
plasmid A (Fig. 3-1), and was presumably a truncated prod-
uct from the xylL sequence. The xylZ product which could
be synthesized from the XylZ™ plasmids (A, A-3 to A-7)
but not from the XylZ~ plasmids (A-1 and A-2) was not
identified from this autoradiogram. A 28 kDa polypeptide
was produced from XylY*Z*L*E-G F~J~ (A-5) but not
from XylY*Z*L"E "G F~J~ (A-3 and A-4) plasmids
(Fig. 3-I). Therefore, the xy/L product is most likely this
28 kDa protein. Plasmid A-5 synthesized, in addition to
the xyIL product, a protein of 17 kDa which may be a
truncated product from the xy/FE sequence. This band was
smeared, suggesting that this truncated protein is rapidly
degraded in vivo.

When the products from the XylE* plasmid A-6 and
the XylE™ plasmid A-5 were compared (Fig. 3-I), the
XylE* plasmid A-6 synthesized 36, 35, 26 and 25 kDa poly-
peptides in addition to the polypeptides synthesized from
the XylE~ plasmid A-5. We interpreted this result to mean
that the xylE product is a 36 kDa polypeptide as has been
demonstrated in previous studies (Nakai et al. 1983a, b)
and that the 35, 26 and 25 kDa polypeptides were degraded
products from this 36 kDa polypeptide.

Two polypeptides of 60 and 34 kDa in size were synthe-
sized from plasmids A and A-7 (Fig. 3-1, lanes 1 and 9)
but not from plasmid A-6 (Fig. 3-1, lane 6). Therefore, these
polypeptides are encoded in the xy/GF region. To pinpoint
the genes for these polypeptides, deletion derivatives were
isolated from plasmid A (Fig. 2). Plasmid B was con-
structed by deletion of a 1.5 kb Xhol segment of plasmid A.
As described below, the Xhol site at the 3 kb coordinate
is inside the xy/L gene. Therefore, plasmid B carries intact
xylEGFJ. Similarly, plasmid C was constructed by deletion
of both the 1.5 and the 2.3 kb Xhol segments of plasmid A,
hence carries only the xyIFJ genes. Plasmid C synthesized
three polypeptides whose sizes were 34, 28 and 8 kDa
(Fig. 3-11, lane 2). This plasmid neither synthesized the
20 kDa xy!Y product nor the 36, 35, 26 or 25 kDa xylE
products as expected, but synthesized a 28 kDa protein in
spite of the fact that the xy/L gene was deleted from this
plasmid. We concluded from this observation that the
EcoRI-E segment encodes a second 28 kDa protein in addi-
tion to the xy/L product. Plasmid B produced polypeptides
of 60, 36, 35, 32, 26 and 25 kDa in size (Fig. 3-I, lane 2;
Fig. 3-11, lane 3) in addition to the gene products synthe-
sized from plasmid C. The 32 kDa polypeptide synthesized
from plasmid B was not produced from plasmid A (com-
pare Fig. 3-II, lane 3 and lanes 1, 7), therefore this band
may correspond to a polypeptide synthesized from a fusion
of xylY and xylL. Polypeptides of 36, 35, 26 and 25 kDa
and those smaller than 18 kDa synthesized from plasmid B
would be the xy/E products as described above. A 60 kDa

117

polypeptide synthesized from XylE*G*F*J* plasmid B
(Fig. 3-11, lane 3) could not be seen in the products from
XylF*J* plasmid C (Fig. 3-II, lane 2). Therefore, it was
concluded that the xy/G product is the 60 kDa protein.

To identify structural genes for the 34, 28 and 8 kDa
polypeptides synthesized from plasmid C (Fig. 3-11, lane 2;
Fig. 3-I11, lane 3), the neo gene cassette of pRME1 was
inserted into the unique Sacl site of plasmid C, and this
construct (called plasmid D) was introduced into the maxi-
cell strain MCL22 containing pCI857. Plasmid D synthe-
sized the 34 kDa polypeptide but not the 28 and 8 kDa
polypeptides (Fig. 3-I11, lane 2) suggesting that the structur-
al gene for the 34 kDa polypeptide is located upstream of
the Sacl site at the 7.5 kb coordinate whereas the structural
genes for the 28 and 8 kDa polypeptides are located at
or downstream from the Sacl site. In our previous study,
the xy/F gene was mapped upstream of the Sacl site (Har-
ayama et al. 1984), therefore, the 34 kDa polypeptide is
the xy/F product. Plasmid D synthesized a 30 kDa protein
in addition to the 34 kDa xy/F protein. This polypeptide
was not synthesized from plasmid C. The 30 kDa protein
therefore may be a truncated product of the xy/J gene fused
with a sequence on the neo gene cassette.

Plasmid C has four Poull sites. Three Poull segments
internal to the cloned DNA of plasmid C were deleted to
construct plasmid E. The latter plasmid synthesized 32, 12
and 8 kDa polypeptides (Fig. 3-111, lane 4). The 28 kDa
xyIL product was not produced from this plasmid. This
observation indicated that xylL is defective in plasmid D
and therefore that the X#ol site at the 3.0 kb coordinate
is inside the xylL gene. From this conclusion, we deter-
mined that the 32 kDa polypeptide synthesized from plas-
mid E was the product of the xy/Y-L fusion. When the
0.5 kb of DNA between the Poull site at the 7.7 kb coordi-
nate and the EcoR1 site at the 8.2 kb coordinate was deleted
from plasmid E to construct plasmid F (Fig. 2), the latter
plasmid did not synthesize an 8 kDa polypeptide (Fig. 3-I11,
lane 5). Therefore, the DNA sequence which encodes this
8 kDa polypeptide was located at the right end of the
EcoRI-E segment. As described above, plasmid D synthe-
sized the 34, 28 and 8 kDa polypeptides. The 34 kDa poly-
peptide was the xyl/F product and the structural gene for
the 8 kDa polypeptide was located at the very right end
of the EcoRI-E segment. Therefore, the genes in this region
are organized in the order: 34 kDa gene (xy/F) — 28 kDa
gene — 8 kDa gene. In our previous study (Harayama et al.
1984), the xylJ gene was mapped to a region which included
the structural gene for the 28 kDa polypeptide. Therefore,
this 28 kDa polypeptide is the xplJ product. Plasmids E
and F both synthesized a 12 kDa polypeptide in addition
to the 32 kDa protein synthesized from the xy/Y-L fusion
(Fig. 3-1V, lanes 4 and 3). The 12 kDa polypeptide was also
synthesized from plasmid G (Fig. 3-1IV, lane 2). Therefore,
this polypeptide is coded for by a gene located between
xylL and xylE. The existence of a gene which is located
between xy/L and xy/E and which encodes a polypeptide
of 12 kDa was confirmed by DNA sequencing of this region
(unpublished). This gene has not been identified in previous
studies and was named xp/T.

Plasmid H is a derivative of plasmid A from which a
5 kb BamHI segment was deleted. From the known physical
and functional maps (Harayama et al. 1984) this plasmid
was expected to carry xp/Y and xy/Z. Plasmid I is also
a derivative of plasmid A from which a 5.3 kb Hpal seg-
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ment was deleted. In maxicells, plasmid H synthesized 20
and 15 kDa polypeptides (Fig. 3-V, lane 1) whereas plas-
mid I only produced a 20kDa polypeptide (Fig. 3-V,
lane 3). The 20 kDa polypeptide was the xy!/Y product as
described above. Since the 15 kDa polypeptide was not syn-
thesized from plasmid A, it may be a truncated product
of xylL.

The xplZ gene product was not detected in these autora-
diograms. In some experiments, however, a 39 kDa protein
was detected as a product from plasmid H (Fig. 3-VI,
lane 1). The difficulty in detecting this product may be due
to problems in migration of this protein in sodium dodecyl
sulfate polyacrylamide gels. For instance, separation of the
same radioactive sample on two different gels sometimes
resulted in detection of the 39 kDa protein on one but not
on the other gel. We could not find gel conditions which
allowed reproducible detection of the xy/Z product. Never-
theless, we have recently determined the complete nucleo-
tide sequence of the xyIZ gene and its product was deduced
to be a 36 kDa protein (unpublished).

To examine genes and their products downstream of
xylJ, a 4kb EcoRI-Bgl/ll segment in the vicinity of the
EcoRI-E segment was cloned into pLV85 to construct plas-
mid J. From our previous studies (Harayama et al. 1984;
Harayama and Rekik 1989), three genes, xy/K, xy/l and
xylH (in that order) have been mapped on the 4 kb EcoRI-
Bglll segment. In maxicells, plasmid J produced two poly-
peptides of 29 and 39 kDa in size (Fig. 3-VI, lane 2; Fig. 3-
VI, lane 3). To locate further the structural genes for these
two polypeptides, we isolated plasmids J-1 to J-4 which are
Tnl000 insertion derivatives of plasmid J. The insertion
sites of TnZ000 in these mutant derivatives are presented
in Fig.2. From the functional maps of this region that
have been constructed in our previous studies (Harayama
et al. 1984; Harayama and Rekik 1989), insertions 1 and
2 were mapped upstream of, or within the xy/K gene. Inser-
tion 3 was located within the xy/H gene and insertion 4
mapped downstream of this gene. Since Tn7000 exerts a
polar effect, the phenotypes of plasmids J-1, J-2, J-3 and
J-4 were expected to be Xyl[K " I"H™, XylK I"H™, Xyl-
K I"H™ and XylK*I*H", respectively. Assays for the
Xyll and XylH enzymes in cell-free extracts prepared from
plasmids J-1 to J-4 confirmed this notion (data not shown).
As expected, plasmids J-1 and J-2 did not synthesize any
xyl gene products in maxicells, however both plasmids J-3
and J-4 synthesized 39 and 29 kDa polypeptides (data not
shown). Since xylH is defective in J-3, none of these two
polypeptides could have been the xylH product. Attempts
to identify in maxicells the xyl/H product using different
constructs carrying xplH also failed (unpublished) but the
xyll and xyIK gene products were confirmed using another
construct, plasmid K. Plasmid K is a derivative of pLV85
containing a 4 kb EcoRI-Xhol segment covering the xy/K
region (Fig. 2). The xylI activity was not expressed from
plasmid K. This XylK*Xyll~ plasmid synthesized the
39 kDa polypeptides but not the 29 kDa polypeptide
(Fig. 3-VII, lane 1). Therefore, the xy/I and xp/K products
were identified as the 29 and 39 kDa polypeptides, respec-
tively.

The analysis of gene products from the EcoRI-E seg-
ment described above detected an 8 kDa polypeptide gene
product encoded at the right end of this segment. This pro-
tein was, most likely, the truncated product of a gene en-
compassing the EcoRI site at the 8.2 kb coordinate. To

examine this possibility, a 3 kb Sacl-Xhol segment spanning
the 7.5 kb and 10.5 kb coordinates was cloned to construct
plasmids L and M. Plasmid L was constructed by cloning
of this segment into pGSH2833, a pLV85-based hybrid
plasmid containing a sequence of the upper operon of the
TOL pWWO0 plasmid (Harayama et al. 1986b). Conse-
quently, plasmid L contains a 0.6 kb segment derived from
the upper operon DNA from which no gene product is
synthesized (Harayama et al. 1989a). Plasmid M was con-
structed by cloning the 3 kb Sacl-Xhol segment into the
multiple cloning sites of pLV85 between the EcoRI and
Sall sites. In this construction, an EcoRI-Sacl adaptor
(GAATTCGAGCTC) was inserted between the EcoRI
cloning site of pLV85 and the Sacl site of the TOL DNA.
From both plasmids L and M, two polypeptides of 42 and
39 kDa in size were synthesized (Fig. 3-VII, lanes 2 and 4).
Above, we identified the 39 kDa polypeptide as the xyIK
product. The 42 kDa polypeptide should not be encoded
at the right end of the TOL DNA in plasmids L. and M
because plasmid K did not synthesize this product. There-
fore, the gene for the 42 kDa polypeptide must be located
upstream of xy/K. This protein is not a product synthesized
from the left end of the Sacl-Xhol segment fused with an
upstream sequence because it was synthesized from both
plasmids L. and M, in which the upstream sequences are
different. The existence of the 42 kDa gene was not expected
from the known enzyme activities of the meta-cleavage
pathway. The new gene was named xy/Q. The protein of
23 kDa in size synthesized from plasmids K, L and M
(Fig. 3-VII, lanes 1, 2, and 4) may be a truncated product
of xyll. Therefore, the arrangement of genes in this region
is: 42 kDa gene (xy/Q) — 39 kDa gene (xy/K) — 29 kDa
gene (xyll).

Discussion

In our previous study, we demonstrated that the first three
genes of the meta-cleavage operon, xylX, xylY and xylZ,
encode three different subunits of toluate 1,2-dioxygenase
and that the products of xylX and xy/Y are 57 and 20 kDa
polypeptides, respectively (Harayama et al. 1986a). In this
study, the product of xy/Z was determined to be a 39 kDa
polypeptide. Therefore, toluate 1,2-dioxygenase is com-
posed of subunits of 57, 20 and 39 kDa. In Pseudomonas
and several other soil bacteria, chromosomally encoded
benzoate 1,2-dioxygenase is ubiquitous. This enzyme cata-
lyzes a similar reaction to that catalyzed by TOL-encoded
toluate 1,2-dioxygenase but its substrate specificity is nar-
rower than that of the TOL-encoded enzyme (Reineke and
Knackmuss 1978). Yamaguchi and Fujisawa (1978, 1980,
1982) have purified benzoate 1,2-dioxygenase from P. pu-
tida, and the enzyme was found to be composed of three
different subunit proteins of about 50, 20 and 38 kDa in
size. The 50 and 20 kDa components constitute an oxygen-
ase, whereas the 39 kDa component has NADH-cytochro-
me ¢ reductase activity. The similarity in the molecular
weights of the three subunit proteins of toluate 1,2-dioxy-
genase with those of benzoate 1,2-dioxygenase suggests the
evolutionary relatedness of these two enzymes. Our unpub-
lished data, in fact, demonstrate an evolutionary relation-
ship between TOL-encoded toluate 1,2-dioxygenase and
benzoate 1,2-dioxygenase. Thus, we can infer the biochemi-
cal functions of the xyIXYZ products: the xy/X and xy/Y



products are two components of an oxygenase and the xylZ
product is an NADH-cytochrome ¢ reductase.

So far, two enzymes isofunctional to the xy/L product,
1,2-dihydroxy-3,5-cyclohexadiene-1-carboxylate dehy-
drogenase, have been purified from A. calcoaceticus and
Alcaligenes eutrophus (Neidle et al. 1987; Reiner 1972). The
molecular weights of the purified enzymes were similar to
that of the TOL enzyme. However, their molecular weights
do not correspond to those of naphthalane dihydrodiol de-
hydrogenase from a Pseudomonas strain (Patel and Gibson
1974) and cis-benzene dihydrodiol dehydrogenase from
Pseudomonas strains (Irie et al. 1987; Axcell and Geary
1973) which catalyze similar but different reactions. We
do not know whether the diversity in molecular weight of
dihydrodiol dehydrogenases in different organisms suggests
evolutionarily independent origins of these functionally
similar enzymes.

Between xy/L and xylE, we found a gene, xy/T, which
encodes a polypeptide of 12 kDa in size. Our DNA se-
quence data in this region also confirmed the existence of
an open reading frame which can synthesize a polypeptide
of this size (unpublished). At present, we are not aware
of the function of this gene.

We identified at least four polypeptides of 36, 35, 26
and 25 kDa in size as the products of xylE. Since catechol
2,3-dioxygenase in its active form contains ferrous ion as
a prosthetic group, the 36 and 35 kDa polypeptides may
represent the same protein, each containing a different state
of iron, whereas the 26 and 25 kDa polypeptides may be
degradative products of the higher molecular weight poly-
peptides. We do not know whether the apparent instability
of the catechol 2,3-dioxygenase polypeptide was the result
of artificial expression of this enzyme in E. coli or of the
native characteristics of the enzyme.

The xylF product, 4-hydroxymuconic semialdehyde
hydrolase, has been purified by Duggleby and Williams
(1986) from the same TOL-bearing organism. They re-
ported that the molecular weight of the native enzyme, com-
posed of two identical subunits, was 65000. This result is
in agreement with our present results in which the monomer
of this protein has a molecular weight of 34000. Isofunc-
tional enzymes purified from other sources were smaller
(Bayly and Di Berardino 1978).

We have recently purified 2-oxopent-4-enoate hydratase
(the xylJ product) and 4-oxalocrotonate decarboxylase (the
xyll product). These two enzymes are apparently associated
with each other in vivo and are co-purified by several differ-
ent chromatographic procedures. The purest samples con-
tained two polypeptides of 28 and 29 kDa in sizes (Har-
ayama et al. 1989b). From the present study, we could iden-
tify the 28 kDa protein as 2-oxopent-4-enoate hydratase
and the 29 kDa protein as 4-oxalocrotonate decarboxylase.
2-oxopent-4-enoate hydratase has also been purified from
P. putida NCIB 10015 by Collinsworth et al. (1973) and
its molecular weight has been determined to be 28 kDa.

Our genetic analysis (Harayama and Rekik 1989) identi-
fied the region encoding a 39 kDa polypeptide as the struc-
tural gene for 4-hydroxy-2-oxovalerate aldolase (xy/K). Be-
tween xy/J and xy/K, we found one gene encoding a 42 kDa
polypeptide. The function of the 42 kDa gene, named xy/Q,
is not known at present.

By transposon insertion and deletion analysis, we have
located xylH, the structural gene for 4-oxalocrotonate tau-
tomerase, at the end of the meta-cleavage operon (Har-
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ayama et al. 1984). In the present study, we could not iden-
tify the xy/H product. Nevertheless, our recent studies have
demonstrated that 4-oxalocrotonate tautomerase is a small
polypeptide of 4 kDa in size. The failure to detect the xylH
product in maxicells may be due to either the low transla-
tional efficiency of the xy/H gene in E. coli or, since 4-oxa-
locronate tautomerase is a relatively small protein, low me-
thionine content of the xylH-encoded protein. The positive
regulatory gene of the meta-cleavage operon, xy[S, has been
mapped downstream of xy/H (Inouye et al. 1986). Between
xylH and xyIS there is only a 0.35 kb interval. Therefore,
the xy/H gene may be the last gene of the meta-cleavage
operon.

When coding capacities and gene product sizes were
compared in the meta-cleavage operon, most of the DNA
in this region was estimated to be composed of coding se-
quences. This compact structure of the meta-cleavage
operon contrasts with the structure of the upper pathway
operon, where a 1.5 kb non-coding sequence was found
at the beginning of the operon (Harayama et al. 1989a).

Overall, the meta-cleavage operon is composed of
13 genes and extends over 10 kb of DNA, making it one
of the biggest operons found in bacteria. This fact poses
several questions as to the transcription and stability of
the meta-cleavage operon mRNA, such as whether any spe-
cific structure at the 3’ end of the mRNA exists which
might increase its stability (Belasco and Higgins 1988) or
whether there is a secondary promoter inside the operon.
The second question raises the possibility that the meta-
cleavage operon was formed by fusion of two DNA mole-
cules, comprising xy/IXYZL(T) and xy(T)EGFJQKIH,
which each possessed its own promoter.

Two new genes, xy/T and xylQ, were found in this study
but their functions were not identified. Site-directed muta-
genesis of these genes is currently under way in our labora-
tory to clarify their physiological roles.
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