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TOLUENE DIOXYGENASE: A MULTICOMPONENT ENZYME SYSTEM
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SUMMARY

Pseudomonas putida oxidizes toluene through (+)-¢is-1(S),2(R)-
dihydroxy-3-methylcyclohexa-3,5-diene (eis-toluene dihydrodiol).
The enzyme catalyzing this reaction was resolved into three protein
components. Maximal enzymatic activity was dependent on the pres-
ence of ferrous iron and reduced nicotinamide-adenine dinucleotide.

Pseudomonas putida incorporates two atoms of molecular oxygen
into benzene to form eis-1,2-dihydroxy-1,2-dihydrobenzene (1). The
same organism forms cis-dihydrodiols from toluene, ethylbenzene,
p-xylene, p-chlorotoluene, p-fluorotoluene, p-bromotoluene and chloro-
benzene (2,3,4,5,6). Analogous eis-hydroxylation reactions have been
observed in the bacterial metabolism of several aromatic compounds (7).

Studies with isolated enzyme preparations have demonstrated the
multicomponent nature of the dioxygenases that form eis-dihydrodiols
from aromatic substrates. Thus benzene dioxygenase (8) and pyrazon
(5-amino-4-chloro-2-phenyl-2H-pridazin-3-one) dioxygenase (9) each con-
tain three components; a flavoprotein, and two non-heme-iron proteins.
In this respect they are similar to the alkane monooxygenase system
from Pseudomonas oleovorans (10). Dioxygenases that hydroxylate the
aromatic nucleus and contain at least two components initiate the
metabolism of benzoate (11), o-phthalate (12) and naphthalene (13).

We now describe the resolution of toluene dioxygenase into three
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protein components. This enzyme system catalyzes the reaction shown

below. A preliminary account of this work has been reported (14).

CH3z

Toluene

MATERIALS AND METHODS

Materials. (+)-c¢is-1(S),2(R)})-Dihydroxy-3-methylcyclohexa-3,5-
diene (cis-toluene dihydrodiol) was prepared as described previously (2).
Cytochrome c, DEAE-Sephadex-A50, NAD, NADH, NADP and NADPH were obtained
from Sigma Chemical Company. DEAE-cellulose was obtained from Whatman
Ltd., Springfield Mill, Maidstone, Kent, England. [!“CH3]-Toluene (spe-
cific activity 26.4 mC/mmole) was from Amersham-Searle Corporation.

Preparation of cell extracts. Pseudomonas putida was grown with

toluene as the sole source of carbon and energy as described previously
for ethylbenzene (3). Cells were harvested by centrifugation and stored
at -20 C until required. Frozen cells were suspended in 0.05M KHzPO4
buffer, pH 7.2 (1.0 g cells per 10.0 ml buffer)} and exposed for 4 min.,
at 0 C, to the full output of a Bronwill Biosonic III sonic disintegrator.
The resulting viscous liquid was treated with deoxyribonuclease for 15
min. prior to centrifugation at 100,000 x g for 1 hr. The clear super-
natant liquid was taken as a source of crude cell extract. These prepa-
rations showed high endogenous oxygen consumption and could only be
assayed by the radioactive procedure described below. Extracts used in
polarographic studies were prepared from lyophilized cells as described
previously (15). The protein content of cell extracts was determined
by the method of Lowry et al. (16).

Enzyme assays. Polarographic measurements were made by the pro-
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cedure of Ribbons (17). Each reaction mixture contained in a final
volume of 2.0 ml of 0.05M KHpPOgq buffer, pll 7.2: FeSO4.7H20, 0.2 umole;
NADH, 0.8 wumole; toluene, 0.2 wmole in 0.01 ml of 95% ethanol and cell
extract. ‘The enzyme preparation was incubated with FeS0s for one min.
prior to addition to the reaction vessel. The order of addition was,
treated enzyme, NADH and toluene.

For enzyme purification studies it was found necessary to develop
a4 more sensitive assay procedurce. Thus, toluene dioxygenase activity
was determined by measuring the formation of radioactive cis-toluene
dihydrodiol. Reaction mixtures (0.20 ml) contained in umoles: NADH,
0.12; FeSQ4.7H20, 0.15; unlabeled cis-toluene dihvdrodiol, 1.0; [!"CHz]-
toluene, 0.014; and cell extract. 'The reaction was initiated by the
addition of [!'“C]-toluene. After the appropriate time periods (sec re-
sults) enzymatic reactions were terminated by the addition of 0.01 ml
of 1IN NaOH, and 0.01 ml of the reaction mixture was appliced directly to
the basc of a silica gel chromatograph sheet (Iastman Chromatogram Sheets,
type KI30R, silica gel with fluorescent indicator). Chromatograms were
developed in chloroform:acetone (80:20) and the reaction product, ets-
toluene dihydrodiol, was located by viewing under ultraviolet light. The
area contalning the cis-toluene dihydrodiol was cut out and placed in a
vial containing 10.0 ml of scintillation fluid (18). Radicactivity in
each sample was detected in a Beckman scintillation counter (model LS-100C).
Preliminary experiments were conducted to ensure that the reaction was
linear with time, that toluene, NADH and Fe*' were at saturating levels
and that the amount of carrier cis-toluenc dihydrodiol did not inhibit
enzymatic activity.

The enzymatic reduction of cytochrome c was measured at 550 nm as
described by Ueda et al. (19). This assay procedure was used to detect
cytochrome ¢ reductase activity in cell extracts that was dependent on

the presence of partially-purified fraction B (see results). Each re-

403



Vol. 78, No. 1, 1977 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

4.0 -

(Mc)- TOLUENE DIHYDRODIOL FORMED
(OPM /MIN x 10-4)

L
[+] 0.1 0.2
PROTEIN (mg)

FIGURE 1: Toluene dioxygenase activity as a function
of protein concentration. Assays were per-
formed as described in materials and methods.

action mixture (1.0 ml) contained in umoles: NADH, 0.24; cytochrome c,
0.087; fraction B (70 ug of protein) and 20 ul of each fraction eluted

from a DEAE-cellulose column (Fig. 2).
RESULTS

Properties of crude cell extracts. Crude cell extracts oxidized

toluene with the consumption of two moles of oxygen per mole of substrate.
When enzymatic activity was measured as a function of protein concentra-
tion, either polarographically or by measuring product formation (Fig. 1)
a linear relationship was not observed. Polarographic studies revealed
that enzymatic activity was dependent on the presence of either NAD™ or
NADII. Approximately ten percent of the activity observed with these co-
factors was given with NADPH and no activity was observed with NADP™.
Maximal enzymatic activity was dependent on the presence of ferrous iron
(Table 1).

The measurement of enzymatic activity by oxygen consumption required
considerable amounts of protein. Consequently, a more sensitive assay

that measures the formation of [1*C]- toluene dihydrodiol was devised.
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Table 1. Metal ion requirement for toluene
dioxygenase activity in crude cell

extractsl.
Metal ion present nmﬁiéigi;%in.
None 62
Fe*™ (FeSOy) 122
Fettt (FeClz) 103
Mg** (MgSO4) 86
Ca* (CaClz) 66
Cu*t (CuCly) 13
n™ (ZnS0y) 1

lReaction conditions as described in materials
and methods. Each reaction mixture contained
dialyzed cell extract (11 mg of protein). All
salts were used at a final concentration of
0.1 mM.

Table 2. Requirement of two protein fractions
for toluene dioxygenase activityl.

Activity
Fraction added 1%C)-toluene dihydrodiol
formed (dpm)

A+B 54,615
A 0
B 0

IReaction mixtures contained in a final volume of 0.20

ml PEG buffer: fraction A, 57 ug of protein; fraction B,
220 ug of protein; FeS04.7H20, 0.15 umole; NADH, 0.12 umole;
cts-toluene dihydrodiol, 1.0 umole, and ﬁ“C]—toluene, 0.014
umole (813 x 103 dpm). Reactions were terminated after 12
minutes and [}“*C]-toluene dihydrodiol measured as described
in materials and methods.
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FIGURE 2: Resolution of fraction A by chromatography
on DEAE-Sephadex A-50. Fractions (7.5 ml)
were collected and assayed for enzymatic
activity as described in the text.

This procedure (materials and methods) gave a direct measure of toluene
dioxygenase activity and facilitated the localization of individual pro-
tein components in column eluates.

Crude cell extracts were unstable and lost 90% of their enzymatic ac-
tivity over a 48 hour period. No activity was lost over a 72 hour period
when 10% ethanol and 10% glycerol were incorporated into 0.05M KH,PO,,
pH 7.2. This buffer (PEG) was used throughout the purification procedure
described below.

Resolution of toluene dioxygenase. Crude cell extract (1200 ml,

8,300 mg of protein) was applied to the top of a cclumn (42 x 4 cm) of
DEAE cellulose. Protein was eluted with a linear gradient of 0-0.5M KCI
in PEG buffer. Fractions (16.0 ml) were collected and assayed for toluene
dioxygenase activity. No enzymatic activity was detected. However, when
the contents of tubes 66-93 (fraction A) and 95-105 (fraction B) were com-
bined toluene dioxygenase activity was observed (Table 2). Solutions of
fractions A and B were colored yellow-brown and brown respectively.

Partial purification of fraction A. Fraction A (440 ml, 1,340 mg of

protein) was diluted three times with PEG buffer and applied to a colum

(22 x 2 cm) of DEAE Sephadex A-50. The column was washed with two volumes
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of PEG buffer prior to the application of one liter linear gradient of
0-0.5M KC1 in the same buffer. A yellow protein fraction (Al, tubes 62-74)
was detected by its ability to reduce cytochrome ¢ in the presence of
fraction B. A brown protein fraction (A2, tubes 94-118) showed toluene
dioxygenase activity only in the presence of fractions Al and B. Frac-
tions Al and A2, either singly or in combination did not oxidize toluene.
The elution profile of fraction A is shown in Figure 2.

Purification of fraction B. Fraction B (175 ml, 122 mg of protein)

was diluted three times with PEG buffer and applied to the top of a
column (10 x 1.5 cm) of DEAE cellulose. The colum was washed with 50 ml
of 0.1M KC1 in PEG buffer and the brown protein was then eluted with 0.4M
KC1 in the same buffer. The concentrated solution (15 ml, 62 mg of protein)
was dialysed overnight at 4 C against two liters of PEG buffer. Glycerol
(2.0 ml) was added to the dialyzed protein solution and the sample sub-
jected to electrophoresis on a 6% polyacrylamide gel (14.0 x 4.0 cm,

200 mi). After 12 hours a brown protein band was observed near the
bottom of the gel. This area was removed and the protein recovered
electrophoretically (20). This preparation (22 mg of protein), when
subjected to analytical polyacrylamide gel electrophoresis (7%) gave a
single band that stained for protein. However, we have recently ob-
served that electrophoresis at higher gel concentrations (20%) results

in the detection of minor protein components. The further purification
and properties of fraction B will be reported elsewhere.

Multicomponent nature of toluene dioxygenase. Partially purified

fraction B and the most active samples from fractions Al and A2 (Fig. 2)
were used to demonstrate the multicomponent nature of toluene dioxygenase
(Table 3). The resolved system is active in the absence of added ferrous
iron although the addition of iron results in a 9-fold increase in ac-
tivity. Heat treatment (100 C for 5 min.) of fractions Al, A2 and B

resulted in a complete loss of enzymatic activity. Fractions A2 and B
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Table 3. Multicomponent nature of toluene dioxygenase.

Activity
Component omitted ft4C]-toluene
dihydrodiol formed

(dpm)

Nonel 64,769
Fraction Al 0
Fraction A2 0
Fraction B 0
NADH 0
Fet* 7,323

1The complete Teaction mixture and assay procedure
was as described for Table 2. The amounts of frac-
tions Al, A2 and B were 208, 64 and 35 ug of protein
respectively.

were reduced with dithionite and exposed to carbon monoxide. The ab-
sorption spectra of these preparations did not reveal the presence of
cytochrome P-450.
DISCUSSION

The enzymatic incorporation of molecular oxygen into toluene may
occur by oxidation of either the methyl group (21) or the aromatic
nucleus (22). Our results indicate that toluene is oxidized at the
nucleus to cis-toluene dihydrodiol by a multienzyme system that involves
at least three components. Similar systems have been described for the
monooxygenases that hydroxylate octane and camphor (10,23). Both of
these multicomponent complexes contain a flavoprotein that transfers
clectrons from reduced pyridine nucleotides to a non heme iron protein.
A similar situation appears to exist in toluene dioxygenase. The yellow
protein (Al) will transfer electrons to cytochrome c. This reaction is

significantly stimulated by the presence of the brown protein (B). In re-
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sults to be published elsewhere we have demonstrated that protein B con-
tains two moles of iron and two moles of inorganic sulphur per mole of
protein. Thus, the component in toluene oxidation appears to be similar

to putidaredoxin which functions in the hydroxylation of camphor by
Pseudomonas putida (24). However, oxygenation in the camphor monooxygenase
system 1s effected by cytochrome P-450.4y and none of the resolved toluene
components showed the presence of cytochrome P-450. It is conceivable that
protein AZ in the toluene system is similar to the w-hydroxylase of
Pseudomonas oleovorans (10).

Other multicomponent enzyme systems that catalyze the cis-hydroxylation
of aromatic substrates have been reported. All are dioxygenases. Thus,
both benzene (8) and pyrazon (9) dioxygenases require a flavoprotein and
two non-heme iron proteins for enzymatic activity. Reduced nicotinamide-
adenine dinucleotide and ferrous iron are also essential for maximal oxi-
dation of these substrates. Benzoate 1,2-dioxygenase has been resolved
into two proteins one of which has NADH-cytochrome ¢ reductase activity
(11). The similarity of the toluene dioxygenase enzyme system to these
enzymes and the bacterial monooxygenases will become apparent when pro-
teins Al, A2 and B have been purified to homogeneity and their physical
properties are determined. Such studies are in progress.
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