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The oxygenase component of toluene dioxygenase from Pseudomonas putida F1 is an iron-sulfur protein
(ISPyo;) consisting of o (TodC1) and B (TodC2) subunits. Purified TodC1 gave absorbance and electron
paramagnetic resonance spectra identical to those given by purified ISP, . TodC1 was reduced by NADH and
catalytic amounts of Reductase, and Ferredoxin,;. Reduced TodC1 did not oxidize toluene, and catalysis
was strictly dependent on the presence of purified TodC2.

Toluene dioxygenase (TDO; EC 1.14.12) catalyzes the first
reaction in the degradation of toluene by Pseudomonas
putida F1 (33). TDO is a multicomponent enzyme system
that oxidizes toluene to (+)-cis-(1S,2R)-dihydroxy-3-methyl-
cyclohexa-3,5-diene (cis-toluene dihydrodiol) (10, 18, 33). The
organization of the TDO system is shown in Fig. 1. Electrons
are transferred from NADH through a flavoprotein reductase
(Reductaseo;. [28]) to a Rieske [2Fe-2S] protein (Ferredox-
inpor. [29]). The latter reduces the oxygenase component, an
iron-sulfur protein (ISPy, [27]) which, in the presence of
exogenous ferrous iron, catalyzes the stereospecific addition of
dioxygen to the aromatic nucleus.

ISP1; has an a,3, subunit composition, and the o and B
subunits are encoded by the t0dCI and todC2 genes, respec-
tively (36). To fully understand the functions of the o and B
subunits of ISP, in overall enzyme activity, including elec-
tron transfer, substrate binding, and oxygen activation, the
individual subunits require further study. The purification of
the B subunit from a clone expressing the todC2 gene has been
recently reported (15). The « subunit encoded by the fodCI
gene is the focus of this study. We report the construction of a
high-expression clone for todC1, purification and properties of
TodCl1, electron transfer between Ferredoxinro; and TodCl,
and the in vitro reconstitution of high levels of TDO activity
from the purified TodC1 and TodC2 subunits. These studies
provide essential preliminary information necessary for future
detailed biophysical studies.

Construction of a fodC1 expression clone. In order to con-
struct a todC1 high-expression clone, the todC2BA genes were
deleted from pDTG601A (36) by digestion with PstI, followed
by religation, to form plasmid pDTG612A. This clone contains
the todC1 gene and the first 66 bp of the rodC2 gene. To delete
the remaining todC2 coding sequence, pDTG612A was digest-
ed with Dralll and Pstl, treated with S1 nuclease to form blunt
ends (25), and religated. The resulting plasmid, pDTG626,
expresses high levels of todC1, and strain JM109(pDTG626)
was used for the purification of TodCl.

Growth conditions for JM109(pDTG626) were first opti-
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mized by varying the temperature, medium, inducer concen-
tration, and cell yield in order to produce maximal amounts of
soluble TodC1. The best soluble preparation of TodC1 was
obtained from cells grown in Luria broth (5) containing ampi-
cillin (100 pg/ml) at 30°C and induced with 200 uM isopropyl-
B-D-thiogalactopyranoside for 2 h when the turbidity at 600 nm
reached 0.7. Cells were harvested by centrifugation and stored
at —70°C.

Purification of TodC1. JIM109(pDTG626) cell extract was
prepared from frozen cells (51 g [wet weight]) as described
previously (15), except that the frozen cells were suspended in
buffer A (50 mM bis-Tris buffer, pH 6.8, containing 1 mM
dithiothreitol and 5% glycerol). The cell extract (2.89 g of
protein) was applied to a Q-Sepharose column (5 by 16 cm)
(Pharmacia Biotech, Piscataway, N.J.) which had been previ-
ously equilibrated with buffer A at a flow rate of 2 ml/min.
Unbound proteins were washed from the column with the
same buffer at a flow rate of 4 ml/min. Bound proteins were
eluted with a linear salt gradient of 0 to 600 mM KCl in buffer
A at a flow rate of 2 ml/min. Fractions containing TodC1 were
red-brown in color, and their absorption spectra were moni-
tored from 300 to 700 nm. Fractions containing TodCl1 were
pooled and concentrated by ultrafiltration with a 30-kDa cutoff
membrane filter (Amicon, Danvers, Mass.). The concentrated
solution was exchanged into 5 mM potassium phosphate buffer
(pH 6.8) by ultrafiltration as described above and applied to a
hydroxyapatite column (1.0 by 15 cm; Bio-Rad Laboratories,
Hercules, Calif.) that had been preequilibrated with 5 mM
potassium phosphate buffer. Bound proteins were eluted with
a 5 to 100 mM phosphate buffer (pH 6.8) gradient at a flow rate
of 0.4 ml/min. Fractions containing TodC1 were concentrated,
dialyzed against 50 mM 2-[N-morpholino]ethanesulfonic acid
(MES) buffer (pH 6.8), and stored at —70°C. TodC1 was pu-
rified to approximately 95% homogeneity from the crude cell
extract (Fig. 2, lane 3) by the two-step procedure. A 13-fold
purification of the enzyme was achieved, with recovery of 56%
of the activity present in the crude cell extract (Table 1). The
increase in total activity after hydroxyapatite chromatography
may be due to the removal of competing NADH oxidase ac-
tivity. This aspect was not pursued further in the present study.

Reconstitution of TDO activity. When purified TodC1 was
incubated for 30 min at ambient temperature with saturating
amounts of purified TodC2, TodB (Ferredoxin o, ), and TodA
(Reductaseq; ), the specific activity was 2.46 U/mg of TodC1
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FIG. 1. Electron flow in the TDO system.

(Table 1). This activity is 66% of that obtained with purified
native ISP, when specific activity is calculated per milli-
gram of TodCl1 (20) and over five times that given by TodCl1
in crude cell extracts (15). The turnover number of reconsti-
tuted ISP, was 2.1 s™!, compared to a turnover number of
3.2 s~ ! obtained with native ISP.o, (20). TDO activity was
not observed when either TodC1 or TodC2 was omitted from
the reconstitution assay. These results indicate that purified
TodCl1 and TodC2 can readily assemble in vitro to yield active
ISP, and that both subunits are essential for TDO activity.

Properties of TodC1. The properties of purified TodC1 and
ISP are shown in Table 2. The N-terminal amino acid
sequence of TodCl is identical to that predicted from its nu-
cleotide sequence (35). The absorption spectrum of purified
TodCl1 showed a broad peak at 446 nm, with a shoulder around
558 nm and a peak at 325 nm, and was identical to the spec-
trum obtained with oxidized ISPro; (20). Purified TodC2
shows no absorption in the 300 to 700-nm range (20).

TodCl1 (o subunit) and ISP, (af heterodimer) each con-
tained approximately 2 atoms each of iron and acid-labile
sulfide (Table 2). TodC2 (B subunit) does not contain detect-
able amounts of iron or sulfur (20). These results are consis-
tent with the presence of one Rieske [2Fe-2S] center in each
TodCl1 subunit.

The electron paramagnetic resonance (EPR) spectra of pu-
rified TodCl, native ISPy, and reconstituted ISP, were
recorded at 77 K in both the oxidized and reduced states.
Reduction was achieved by addition of excess sodium dithio-
nite. The oxidized forms of TodC1, native ISP, , and recon-
stituted ISP, are EPR silent. The EPR spectrum of reduced
TodC1 gave characteristic Rieske [2Fe-2S] signals at g, = 1.76,
g = 191, and g, = 2.01 (7). Identical reduced EPR spectra
were given by native ISP, and reconstituted ISP, (Table
2).

Reconstituted and native ISP, behaved identically on na-
tive polyacrylamide gels (data not shown), indicating that the
two preparations had the same subunit structure.

Electron transfer to purified TodC1. The reduction of
TodC1 by NADH in the presence of catalytic quantities of
TodA and TodB is shown in Fig. 3. When the absorbance at
446 nm was plotted against the amount of NADH added, a
linear decrease in absorbance was observed (Fig. 3, inset). An
endpoint was reached when 15 nmol of NADH was added to
the solution containing 30 nmol of TodC1. These results show
that TodC1 can accept electrons from reduced TodB (ferre-
doxin|q; ) in the absence of TodC2 and also indicate that each
TodC1 subunit can accept one electron. Upon exposure to air,
reduced TodC1 was rapidly reoxidized to give its original oxi-
dized spectrum.

Discussion. It is generally accepted that the o subunits of
aromatic-ring-hydroxylating dioxygenases contain a Rieske
[2Fe-2S] center and mononuclear iron with the latter being
located at the active site of the enzyme (3). This generalization
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FIG. 2. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis
of samples taken during the purification of TodCl. Fractions obtained from
different steps were analyzed on 12% polyacrylamide gels stained with Coomas-
sie blue. Lanes: M, molecular mass standards; 1, cell extract (10 pg of protein);
2, Q-Sepharose column fraction containing TodC1 (7 pg of protein); 3, hydroxy-
apatite column fraction containing TodC1 (5 pg of protein).
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is based on rigorous biophysical studies conducted with phtha-
late (4, 11) and benzene (9, 21, 26) dioxygenases and the
presence of the conserved motif C-X-H-X,5_,,-C-X,-H in the
deduced amino acid sequences of all of the aromatic-ring-
hydroxylating dioxygenases that have been reported to date (3,
23). These results have been confirmed by the recent report of
the structure of the oxygenase component of naphthalene di-
oxygenase (16). In the current study, the purified « subunit
(TodC1) of TDO, which contains the conserved Rieske center
motif (36), was shown to have optical and EPR spectra that are
characteristic of Rieske [2Fe-2S] proteins (Table 2). This prep-
aration provided the opportunity to examine the role of TodC1
in electron transport and catalysis.

Figure 3 shows that TodC1 can accept electrons from re-
duced Ferredoxino; in a reaction that is not dependent on
the presence of the B subunit (TodC2). However, reduced
TodCl1, in the presence of air, was unable to oxidize toluene to
cis-toluene dihydrodiol unless TodC2 was present. In a recent
review, Butler and Mason suggested that the  subunit of the
benzene dioxygenase oxygenase component might be involved
in Ferredoxin docking and electron transfer (3). The results
discussed above show that while the B subunit (TodC2) is

TABLE 1. Purification of TodC1 from JM109(pDTG626)"

e Total . Sp act Purifi-
Purlfticatlon protein Actglty” (Ulmg of Recgc/)very cation
step (mg) L) TodC1) (%) (fold)
Crude cell extract 2,893 554 0.19 100 1
Q-Sepharose 378 196 0.52 35 2.7
Hydroxyapatite 126 310 2.46 56 13

“TDO activity was determined by measuring the formation of radioactive
cis-toluene dihydrodiol (32). Purified TodC1 (20), TodB, and TodA (19) were
used to assay pooled fractions from each column. Protein concentrations were
determined by the method of Bradford (2) with bovine serum albumin as the
standard.

® One unit of activity was defined as the amount of protein required to form 1
pmol of cis-toluene dihydrodiol per min.
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TABLE 2. Properties of purified TodC1 and ISPyq; *

Absorption spectra, A ..
(&, mM L, cm~1)?

Mean * SD content

(g-atoms mol ') of: EPR spectra

Protein
Reduced
Oxidized Reduced Iron® Acid-labile sulfide? Oxidized
8« 8y 8-
TodC1 325 (10.33), 446 (6.67), 558 (3.67) 376 (5.60), 526 (2.73) 1.98 = 0.14 1.91 = 0.16 Absent 1.76 1.91 2.01
ISP1op 325 (11.03), 446 (5.24), 558 (2.76) 376 (4.93), 526 (2.50) 2.02 = 0.19 1.90 = 0.08 Absent 1.76 1.91 2.01

¢ ISPy, was purified as described previously. The N-terminal sequence of purified TodC1 is MNQTDTSPIR.

? For TodCl, based on «; for ISPy, based on af.
¢ Determined by the method of Zabinski et al. (34).
4 Determined by the method of Beinert (1).

¢ Recorded at 77 K with a Bruker ESP300 spectrometer with the following settings: 5.02 mW of microwave power, a 3,600-G centerfield, a 9.29-GHz microwave

modulation frequency, a 42-s sweep time, and a receiver gain of 1.0 X 10°.

essential for catalysis, it is not required for reduction of the
Rieske [2Fe-2S] center in TodCl1.

Active terminal oxygenase components from biphenyl dioxy-
genase (14), naphthalene dioxygenase (30), and benzene di-
oxygenase (21) have been reconstituted from separately pro-
duced « and B subunits in crude cell extracts with various
degrees of success. Hurtubise et al. purified and characterized
His-tagged o and B subunits of the oxygenase component from
biphenyl dioxygenase (14). However, reconstitution experi-

ments with purified His-tagged o and B subunits did not yield
significant activity. Thus, the present work represents the first
report of the reconstitution of a highly active form of a termi-
nal oxygenase component (ISP, ) from its purified o and B
subunits.

The function of the B subunit of ISP, remains unclear. It
contains no detectable prosthetic groups and is absolutely re-
quired for activity. A study of the isofunctional ISP 8 subunit
from the toluate dioxygenase enzyme system suggested that it
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FIG. 3. Anaerobic reduction of TodCl. Absorption spectra were recorded on an Aminco DW2000 UV-visible spectrophotometer. Cuvettes were rendered
anaerobic by alternately flushing and evacuating them with argon. Reaction mixtures contained TodC1 (30 nmol) in 1 ml of MES buffer (pH 6.8). Curve 1 shows the
oxidized spectrum of TodC1. The curves between 1 and 2 are spectra of TodC1 obtained by anaerobic additions of NADH (2.5 nmol of each) in the presence of catalytic
amounts of TodB (ferredoxinroy, 90 pg of protein) and TodA (reductaseroy, 45 g of protein). The inset shows anaerobic reduction of TodC1 by NADH in the
presence of TodB and TodA. The decrease in absorbance for TodC1 was monitored at 446 nm.
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may play a role in substrate specificity (12). Work by Furukawa
and coworkers with biphenyl and toluene dioxygenases has
suggested that the B subunit may contribute to substrate spec-
ificity (8, 13), but accumulating evidence obtained with a vari-
ety of dioxygenase systems indicates that the « subunit is the
major contributor to substrate specificity (6, 17, 22, 24, 31). All
« subunits from aromatic ring-hydroxylating dioxygenases con-
tain a conserved aspartate residue at position 205 (naphtha-
lene dioxygenase numbering [16]). This amino acid may play a
major role in the transfer of electrons from a Rieske [2Fe-2S]
center in one o subunit to mononuclear iron near the active
site in an adjacent o subunit. If this is the case, the § subunit
may function mainly in a structural capacity to maintain con-
tact between adjacent « subunits.

In conclusion, we report for the first time the purification and
properties of the « subunit of ISP, , the detection of electron
transport between purified TodC1 and Ferredoxin, , the recon-
stitution of ISPy, activity from the purified TodC1 and TodC2
subunits, and the absolute requirement of TodC2 for catalysis.
These studies are an essential prerequisite for future investiga-
tions of subunit interactions and their role in substrate specificity,
electron transfer, and oxygen activation.
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