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The terminal oxygenase component of toluene dioxygenase from Pseudomonas putida F1 is an iron-sulfur
protein (ISP,,;) that requires mononuclear iron for enzyme activity. Alignment of all available predicted
amino acid sequences for the large (o) subunits of terminal oxygenases showed a conserved cluster of potential
mononuclear iron-binding residues. These were between amino acids 210 and 230 in the o subunit (TodC1) of
ISPo1- The conserved amino acids, Glu-214, Asp-219, Tyr-221, His-222, and His-228, were each independently
replaced with an alanine residue by site-directed mutagenesis. Tyr-266 in TodC1, which has been suggested as
an iron ligand, was treated in an identical manner. To assay toluene dioxygenase activity in the presence of
TodC1 and its mutant forms, conditions for the reconstitution of wild-type ISP, activity from TodC1 and
purified TodC2 (3 subunit) were developed and optimized. A mutation at Glu-214, Asp-219, His-222, or His-228
completely abolished toluene dioxygenase activity. TodC1 with an alanine substitution at either Tyr-221 or
Tyr-266 retained partial enzyme activity (42 and 12%, respectively). In experiments with ['*C]toluene, the two
Tyr—Ala mutations caused a reduction in the amount of cis-['*C]-toluene dihydrodiol formed, whereas a
mutation at Glu-214, Asp-219, His-222, or His-228 eliminated cis-toluene dihydrodiol formation. The expres-
sion level of all of the mutated TodC1 proteins was equivalent to that of wild-type TodC1 as judged by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and Western blot (immunoblot) analyses. These results, in
conjunction with the predicted amino acid sequences of 22 oxygenase components, suggest that the conserved
motif Glu-X; ,-Asp-X,-His-X, .-His is critical for catalytic function and the glutamate, aspartate, and histi-

dine residues may act as mononuclear iron ligands at the site of oxygen activation.

Toluene dioxygenase (TDO), a multicomponent enzyme sys-
tem in Pseudomonas putida F1, initiates the aerobic catabolism
of toluene by forming (+)-cis-(1S,2R)-dihydroxy-3-methylcy-
clohexa-3,5-diene (cis-toluene dihydrodiol) (21, 31, 67). TDO
transfers electrons from NADH through Reductase o, (56),
and ferredoxinro; (57), to the terminal oxygenase component
iron-sulfur proteinyo; (ISPror) (55). Reduced ISPy, adds
dioxygen to the aromatic nucleus to form cis-toluene dihydro-
diol (Fig. 1). ISP, has an a,f, subunit conformation (55).
The presence of a Rieske-type [2Fe-2S] center in each o sub-
unit (TodC1) is supported by the presence of a characteristic
binding motif (11, 40) in the deduced amino acid sequence of
todC1 (70) and recent biochemical analyses of purified TodC1
(30).

Purified ISP, requires exogenous mononuclear iron
(Fe**) for optimum activity (55), and TodCl is thought to
contain the iron-binding site. In related dioxygenase systems,
the ISP components of naphthalene and phthalate dioxygen-
ases each contain one atom of iron per aff and o« subunit,
respectively (4, 15). Mononuclear nonheme iron centers are
believed to be the site of molecular oxygen activation (4, 6, 9,
19, 66), but the mechanism by which iron, dioxygen, and the
substrate interact to catalyze monooxygenation or cis-dihy-
droxylation reactions is not understood. Little structural infor-
mation is available regarding sites that mediate the binding of
mononuclear iron in this type of enzyme.

Amino acids that usually function as iron ligands in proteins
are cysteine, histidine, aspartate, glutamate, and tyrosine. For
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example, histidine and glutamate residues are ligands to the
diiron center of methane monooxygenase hydroxylase (5, 48)
and to Fe?' at the active site in 2,3-dihydroxybiphenyl 1,2-
dioxygenase (24). Histidine and tyrosine residues are ligands to
Fe** in protocatechuate 3,4-dioxygenase (43).

The o subunits of all available sequenced terminal oxygen-
ase components contain conserved histidine, tyrosine, gluta-
mate, and aspartate residues near the middle of their amino
acid sequences. The two histidine and tyrosine residues seen at
His-222, His-228, and Tyr-221 in this region and Tyr-266 in
TodCl1 have been suggested as mononuclear iron ligands (13,
38, 40), whereas Nakatsu et al. proposed that a conserved
aspartate and histidines (corresponding to Asp-219, His-222,
and His-228 in TodC1) may be iron ligands in « subunit align-
ments that do not include TodC1 (39). In this study, we indi-
vidually replaced each of the above conserved histidine, ty-
rosine, glutamate, and aspartate residues in TodCl with
alanine by site-directed mutagenesis and determined the rela-
tionship between these mutations and the catalytic function of
TDO.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Escherichia coli JM109(DE3) (Pro-
mega Corp., Madison, Wis.) and BL21(DE3) (54) were used for standard cloning
and gene expression. JM109(pDTG613) (70) was used for the purification of
TodC2. IM109(pGP1-2), which carries todC1 on pT7-5 (70) and is designated
here JM109(pGP1-2)(pDTG612C), and P. putida F106 (17), a todC2 mutant
strain of strain F1, were used as sources of TodCl, ferredoxino; (TodB), and
reductasepoy (TodA) in studies on the reconstitution of active ISP, . In sub-
sequent experiments, JM109(DE3)(pDTG628), constructed as described below,
was used as a source of TodB and TodA. Where appropriate for plasmid main-
tenance, antibiotics were used at the following concentrations: ampicillin, 150
png/ml; tetracycline, 12.5 pg/ml; kanamycin, 100 wg/ml. E. coli cultures were
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FIG. 1. Electron flow in the TDO complex.

grown in Luria broth medium (12) or terrific broth medium (33), and strain F106
was grown at 30°C in a mineral salts medium (53) containing 10 mM sodium
pyruvate and 0.01% yeast extract, with toluene provided in the vapor phase.

Construction of plasmids. Plasmid pALTER-1 (Promega Corp.) contains a
multiple cloning site flanked by the opposing SP6 and T7 RNA polymerase
promoters. A 1.6-kb EcoRI-Pstl fragment carrying the fodCI gene from
pDTG601A (70) was cloned into the EcoRI-PstI sites of the pALTER-1 vector,
and this plasmid, designated pDTG632, was used as a template for mutagenesis.

A 1.7-kb Ddel-Stul DNA fragment carrying the todBA genes was purified from
pDTG601 (69). The fragment was treated with S1 nuclease (49) to form blunt
ends and ligated to Smal-digested pK19 (46), forming pDTG627. The todBA
genes were then excised from pDTG627 by digestion with EcoRI and BamHI
and inserted into pT7-7 (2), which had been digested with the same enzymes. The
resulting plasmid, pDTG628, contains the todBA genes under the control of the
T7 promoter in pT7-7.

Molecular techniques. Plasmid DNA was isolated as described previously (33)
or by using the Qiagen Midi Kit (Qiagen, Inc., Chatsworth, Calif.). For sequenc-
ing, DNA was further purified by being passed twice through a Centricon-100
filter unit (Amicon, Inc., Beverly, Mass.). Restriction digestions were performed
as described by the enzyme suppliers (New England Biolabs, Inc., Beverly, Mass.,
and Promega Corp.). E. coli transformations were performed by the method of
Hanahan (25). Ligation reactions and agarose gel electrophoresis were per-
formed by standard procedures (49).

Site-directed mutagenesis. Mutagenesis of r70dCI in pDTG632 was carried out
with the Altered Sites II in vitro mutagenesis system in accordance with the
manufacturer’s (Promega Corp.) instructions. Each mutagenic oligonucleotide
was designed with a silent mutation that generated a new restriction site (Table
1) to facilitate the identification of clones carrying the desired mutation. The
nucleotide sequence of the entire todC1 gene in each mutant was determined.
Sequences and phosphorylated oligonucleotides used for mutagenesis were pro-
vided by the University of Towa DNA Facility.

Expression of cloned genes. E. coli BL21(DE3)(pDTG628), IM109
(DE3)(pDTG632), and JM109(DE3) containing pDTG632 mutant derivatives
were cultured in Luria broth medium at 30°C. Cultures were induced with 200
M isopropyl-B-p-thiogalactopyranoside (IPTG) for 2 h when the turbidity at
600 nm reached 0.7. Cells were harvested by centrifugation and stored at —70°C.
Control strain JM109(DE3)(pALTER-1) was subjected to the same procedures
as the recombinant organisms.

Preparation of cell extracts. Frozen cells were thawed and suspended in 50
mM 2-(N-morpholino)ethanesulfonic acid (MES) buffer (pH 6.8) containing 1
mM dithiothreitol. Phenylmethylsulfonyl fluoride and DNase 1 were added to
final concentrations of 1 mM and 20 pg/ml, respectively. The cells were broken
by two cycles through a chilled French pressure cell. The broken cells were
centrifuged at 150,000 X g at 4°C for 1 h to remove cell debris and membranes.
The supernatant was pelleted in liquid nitrogen and stored at —70°C.

Protein determinations. Protein concentrations were determined by the
method of Bradford (7), with bovine serum albumin as the standard.

Purification of TodC2. The small subunit (TodC2) of ISPq;, encoded by
pDTG613, was purified by immunoaffinity chromatography. The ligand was a
monoclonal antibody (301B) isolated from a hybridoma expressing anti-TodC2
antibody (35). Crude cell extract (32.1 mg) from IPTG-induced cells of
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IM109(pDTG613) was applied to an 8-ml column in 50 mM MES buffer, pH 6.8,
containing 1 mM dithiothreitol and 0.2 mM Fe(NH,),(SO,), - 6H,O. The same
buffer was used to wash unbound proteins from the column (80 ml at a flow rate
of 2 ml/min). The column was then inverted, and the wash procedure was
repeated. Proteins were eluted from the column with buffer containing 50%
(volvol) ethylene glycol and 1.0 M ammonium sulfate. Fractions (0.5 ml) were
collected and tested for the presence of TodC2 by Western blotting. Fractions
were combined, dialyzed, and concentrated in 50 mM MES buffer, pH 6.8.

Determination of conditions for reconstitution of ISPy activity. In prelim-
inary experiments, TodC1, TodA, and TodB were provided in cell extracts from
toluene-induced cells of strain F106. However, TodC1 was expressed at ex-
tremely low levels in this strain and was subsequently provided in cell extracts
from heat-induced IM109(pGP1-2)(pDTG612C). Reaction mixtures which con-
tained, in 0.40 ml of 50 mM MES buffer, pH 6.8, 7.5 pg of purified TodC2, 0.95
mg of cell extract from JM109(pGP1-2)(pDTG612C), 0.79 mg of cell extract
from strain F106, and 0.25 mM Fe(NH,),(SO,), * 6H,O were incubated at room
temperature for various periods of time. Reactions were initiated by addition of
NADH (0.25 mM final concentration) and 20 pl of [**CJtoluene (1.67 mM, 1.1
X 10° dpm/ul in methanol). Aliquots (10 ul) were applied to thin-layer chro-
matography (TLC) squares (1.0 cm?) and air dried to remove all remaining
[**C]-toluene, and the amount of nonvolatile cis-toluene dihydrodiol formed was
determined in a scintillation counter.

Enzyme assays. TDO activity was determined by a modification of the proce-
dure described by Wackett (62). Crude cell extract containing TodC1 from
JM109(DE3) carrying pDTG632 or its mutant derivatives, a saturating amount
of purified TodC2 (3.3 pg), and cell extract of IPTG-induced BL21
(DE3)(pDTG628) (1.3 mg containing of TodA and TodB) were added to 50 mM
MES buffer, pH 6.8, containing 0.25 mM Fe(NH,),(SO,), - 6H,0). The mixture
was preincubated at room temperature for 30 min. Reactions were started by the
addition of NADH (0.25 mM final concentration) and 20 pl of ['*CJtoluene (19
mM, 10° dpm/ul). The total volume of the reaction mixture was 400 pl. Aliquots
(10 pl) were removed after 0.5, 1, and 2 min and mixed with 10 pl of quench
solution (toluene-methanol ratio, 1:1 [vol/vol]) to stop the reaction, and radio-
activity was determined as described above. Reactions were carried out in trip-
licate. One unit of TDO activity was defined as the amount of protein required
to form 1 pmol of cis-toluene dihydrodiol per min. Specific activity is given as
units per milligram of protein in cell extracts containing wild-type TodCl1 or
mutant forms of TodCl1.

Isolation of anti-TodC1 monoclonal antibody. Pure ISP, (35) was separated
into its subunits by electrophoresis on a denaturing 15% polyacrylamide gel (32).
The region of the gel containing TodC1 was removed, minced with a razor blade,
and used to immunize three BALB/c AnNHsd mice (Harlan Sprague Dawley,
Indianapolis, Ind.). Subsequent steps followed standard procedures (28), and
hybridomas were isolated and screened for the production of anti-TodC1 anti-
bodies as described previously for the 3018 antibody for TodC2 (35). One
hybridoma secreted a monoclonal antibody that gave a positive Western blot
with TodCl1. This antibody, designated 301, was purified and used to identify
wild-type TodC1 and mutant forms of TodCl1 in cell extracts as described below.

Electrophoresis and Western blot analyses. Proteins in cell extracts prepared
from E. coli transformants expressing either mutant or wild-type fodC1 genes
were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE; 12% polyacrylamide gels) (32). Protein detection and Western
blotting with antibody 301 were carried out as described previously (35).

Detection of reaction products. TLC, followed by autoradiography, was used
to detect reaction products. Aliquots (8 wl) from the TDO assays described
above were applied to the origin of a TLC plate and developed with chloroform-
acetone (80:20 [vol/vol]). X-ray films were exposed for 5 days before develop-
ment.

Computerized sequence analysis. Sequence alignments were done with the
Pileup program by using a gap weight of 3.5 and a gap length of 0.1 (Wisconsin
Sequence Analysis Package; Genetics Computer Group, Madison, Wis.).

RESULTS

Purification of TodC2. Studies on the function of specific
amino acids in TodCl1 required the development of an in vitro

TABLE 1. Oligonucleotides used for site-directed mutagenesis

Mutation

Mutagenic oligonucleotide®

Restriction site

Glu-214—Ala
Asp-219—Ala
Tyr-221—Ala
His-222—Ala
His-228—Ala
Tyr-266—Ala

5'-GGA AAT TCG CCG CTC AGT TTT GCA GC-3’
5'-TTG CAG CGC TAT GTA CCA TGC CGG GAC-3’
5’-GCA GCG ACA TGG CGC ATG CCG GGA CG-3' Sphl
5'-GCA GCG ACA TGT ACG CCG CGG GGA CG-3'

5’-GCC GGG ACG ACC TCA GCG CTG TCT GGC ATC CTG-3’
5'-GGA AGT GGC TTC GCG GTC GGC GAC CCC A-3'

BsrBI
Eco47111

Sacll
Eco47111
BsiEl

“ The underlined bases represent the restriction sites. The base changes are in boldface.
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FIG. 2. Purification of TodC2. Fractions obtained from the 3018 immuno-
affinity column described in Materials and Methods were analyzed by SDS-
PAGE (15% polyacrylamide gels). Proteins were detected by staining with Coo-
massie brilliant blue R250. Lanes: M, molecular mass standards; 1, purified
ISPror (35); 2, fractions 1 to 4; 3, fractions 5 to 9; 4, fractions 10 to 14; 5,
fractions 15 to 20; 6, fractions 21 to 26; 7, crude cell extract from IPTG-induced
cells of IM109(DE3)(pDTG613).

assay to measure TodCl activity. This was achieved by first
purifying TodC2 by immunoaffinity chromatography (Fig. 2).
No attempt was made to optimize the yield of TodC2, and the
purest preparation (Fig. 2, lane 6) was used in the following
reconstitution experiments.
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Reconstitution of active ISP, from its TodC1 and TodC2
subunits. Purified TodC2 was preincubated with cell extracts
containing TodC1, TodA, TodB, and ferrous iron as described
in Materials and Methods. Temperature, pH, and preincuba-
tion times were optimized. Maximum ISP, activity was ob-
served after a 30-min incubation period and remained un-
changed for up to 8 h. In the following experiments with
wild-type TodC1 and mutant forms of TodCl, all dioxygenase
components were preincubated in the presence of ferrous iron
for 30 min prior to the determination of ISP, activity. In
addition, cell extracts from IPTG-induced cells of JM109
(DE3)(pDTG628) were used as a source of TodA and TodB
since they gave twice the ISP, activity given by extracts from
strain F106 (data not shown).

Site-directed mutagenesis of conserved amino acids. The
locations of the two proposed iron-binding regions in TodC1
are shown in Fig. 3A. Amino acid sequence alignments of
TodCl1 and all available related oxygenases were carried out to
locate conserved amino acids that might be involved in iron
binding. Figure 3B shows the region containing conserved glu-
tamate, aspartate, tyrosine, and histidine residues which are
the potential sites for mononuclear iron coordination. Tyr-266,
which is not highly conserved throughout the dioxygenases in

A.
— N @
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N NN
TodCl N YH H
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[2Fe-2S] Fe?*
B.
= [} —t [e] 0
— — ~ ~ \©
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PWWO Xle NWKVQV|E|N.GA|DJG|Y VSTV]{H{WN Y AATQQOQRKLR..DAGDDIRAMTASSWGGDG.GGFYSF E NGHQOMVWARWG
2CBS CbdA NWKLQI|E|N.GA|DIG|Y VGSV|H{WN Y VATIGRRD....RTSDTIRTVDVTTWSKKNIGGTYTF E HGHMLLWTRLP
AC1100 TftAl NWKLQF|E|N.GL|D}F|Y FGST{H{SS Y VDILKLRAQRAVAPDATQTGVKLASEPNEQGQGTFSF P RGHSVMWSTFQ
Cl18 DoxB NWKAPA|E|NFVG|{D|A|Y VGWT{H|AS S LRSGESIFSSLAGNAALPPEGAGLOMTSKYGSGMGVL W DGYSGVHSADL
9816~-4 NahAc NWKAPA|E|NFVG|{D|A]Y VGWT|{ H|AS S LRSGESIFSSLAGNAALPPEGAGLOMTSKYGSGMGVI, W DGYSGVHSADL
OUS82 PahAc NWKAPA|{E|NFVG{D|A]|Y VGWT|H|AS S LCTGESIFSSLAGNAVLPPEGAGLOMTSKYGSGMGVL W DGYSGVHSADL
G7 NahAc NWKAPA|{E|NFVG|D|A|Y VGWT]H|AS S LRSGESIFASLAGNAVLPPEGAGLQMTSKYGSGMGVL W DGYSGVHSADL
DNT DntAc NWKVFA{E|NFVG|D|I|Y]| IGWT|H|AS I LRAGQAIFAPLAGNAMLPPEGTGLQATTKYGSGIGVS L DAYSGVQSADL
JS42 NtdAc NWKPFA|E|INFVG|D|I|Y VGWT|H]AA A LRAGQSVFSSLAGNAKLPPEGAGLOMTSKYGSGMGLT W DYYSGNEFSADM
LB400 BphA NWKFAA|E|QFCS|DIM|Y AGTT . .T}H LSGILAGIPPEMDLSQAQIPTKGNQFRAAWGGHGSGW-VDEPGSLLAVM
KF707 BphAl NWKFAA|E|QFCS|D|M|Y AGTM . .S|H{LSGILAGMPPEMDLSHAQVPTKGNQFRAGWGGHGSGW F VDEPGMLMAVM
KKS102 BphAl NWKFAA|E|QFCS|D{M]Y AGTM . .A|H|LSGVLSSLPPEMDLTQVQMSKNGSQFRAAWGGHGSGW F INDAAILMAVM
PpFl TodCl NWKFAA|E|QFCS|D|{M|Y AGTT . .S|H LSGILAGLPEDLEMADLAPPTVGKQYRASWGGHGSGE‘VGDPNLMLAIM
P51 TcbAa NWKFAA|E|[QFCS|D|A]Y AGTT . .S|H|LSGILAGLPDGVELADLALPTVGKQYRAPWGGHGTGF F IGEPNLLLAIM
BE8]1 BnzA NWKFAAJE|QFCS|D|M|Y AGTT . .S|H]LSGILAGLPEDLEMADLAPPTVGKQOYRASWGGHGSGF|Y]|VGDPNLMLAIM
RsM5 deCl NWKFAAJE|QFCS|DIM]|Y VGTT . .S|H|LSGLLAGLPDEIDIREVQPPTTGIQYSAPWGGHGSGF|Y|IGEMGTLAAVM
RgP6 BphAl NWKFAA|E|QFCS|D|M|Y VGTT . .S|H|LSGLLAGLPDEIDIREVQPPTTGIQYSAPWGGHGSGF|}Y|IGEMGTLAAVM
RHA1l BphAl NWKFAA|E|QFCS|D|M AGTT . .S|HJLSGILAGLPDGVDLSELAPPTEGIQYRATWGGHGSGF|Y|IGDPNLLLAIM
NMH102-2 Pht3 NWAQIL|E]GAI.|D|S A SSSL|H]SS D FVPARVGGAEATSKNWLRPSTDKAPRMQVERTSYGFR]Y|AALRRPIQNAA
BR60 CbaA NWLONL|E|GEI.|D|T S FNFL|H|VG G LHADEVPDDHP..... LKYTAQVAPQYLVKETALGTC|Y|AA. . .QVPAEE
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19151 vanA CYRLMIENLM. _Q_L T ETYV{H|AS S IGQKEI..DEAPVSTRVEGDRLITGRFMEGILAPPFW R AALRGNGLADD

FIG. 3. (A) Schematic representation of TodCl1 indicating the location of the Rieske [2Fe-2S]-binding site and the potential mononuclear-iron-binding site. (B)
Amino acid sequence alignments of the potential mononuclear-iron-binding region. Conserved or semiconserved residues which have been mutated in TodC1 by
site-directed mutagenesis are in boxes. The a subunits of the following dioxygenases are aligned: ADP1 BenA, benzoate dioxygenase from Acinetobacter calcoaceticus
(40); pWWO XylX, toluate dioxygenase from P. putida mt-2 carrying TOL plasmid pWWO (26); 2CBS CbdA, 2-halobenzoate 1,2-dioxygenase from P. cepacia 2CBS
(22); AC1100 TftAl, 2,4,5-trichlorophenoxyacetic acid oxygenase from P. cepacia AC1100 (10); C18 DoxB, naphthalene dioxygenase from Pseudomonas sp. (14); 9816-4
NahAc, naphthalene dioxygenase from Pseudomonas sp. strain NCIB 9816-4 (44); OUSS82 PahAc, polycyclic aromatic hydrocarbon dioxygenase from P. putida OUS82
(61); G7 NahAc, naphthalene dioxygenase from P. putida G7 (52); DNT DntAc, 2,4-dinitrotoluene dioxygenase from Pseudomonas sp. strain DNT (59); JS42 NtdAc,
2-nitrotoluene dioxygenase from Pseudomonas sp. strain JS42 (44); LB400 BphA, biphenyl dioxygenase from Pseudomonas sp. strain LB400 (16); KF707 BphAl,
biphenyl dioxygenase from P. pseudoalcaligenes KF707 (60); KKS102 BphAl, biphenyl dioxygenase from Pseudomonas sp. strain KKS102 (18); PpF1 TodCl, toluene
dioxygenase from P. putida F1 (69); P51 TcbAa, chlorobenzene dioxygenase from Pseudomonas sp. strain P51 (65); BES1 BnzA, benzene dioxygenase from P. putida
BE-81 (29); RsM5 BpdCl, biphenyl dioxygenase from Rhodococcus sp. strain M5 (63); RgP6 BphAl, biphenyl dioxygenase from Rhodococcus globerulus P6 (1); RHA1
BphAl, biphenyl dioxygenase from Rhodococcus sp. strain RHA1 (37); NMH102-2 Pht3, phthalate dioxygenase from P. putida carrying plasmid NMH102-2 (41); BR60
CbaA, 3-chlorobenzoate-3,4-dioxygenase from Alcaligenes sp. strain BR60 (39); POB310 PobA, phenoxybenzoate dioxygenase from P. pseudoalcaligenes POB310 (13);
19151 VanA, vanillate demethylase from Pseudomonas sp. strain ATCC 19151 (8). All numbers refer to amino acid positions in TodC1.
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FIG. 4. (A) SDS-PAGE analysis of wild-type and mutant TodC1 proteins.
The gel was stained with Coomassie brilliant blue R250. Lanes: 1, purified
ISPror (35); 2t0 9, E. coli cell extracts containing wild-type or mutant TodCl1;
2, wild-type TodCl; 3, Glu-214—Ala; 4, Asp-219—Ala; 5, Tyr-221—Ala; 6,
His-222—Ala; 7, His-228—Ala; 8, Tyr-266—Ala; 9, cell extract from
JM109(DE3) carrying the pALTER-1 vector with no todCI gene insert. (B)
Western blot analysis of an exact replica of the SDS-PAGE gel. Monoclonal
antibody 301« was used to detect the TodC1 polypeptide.

this alignment, was proposed as an iron ligand on the basis of
different alignments of selected sequences (13, 40). To deter-
mine whether amino acids Glu-214, Asp-219, Tyr-221, His-222,
His-228, and Tyr-266 are essential for catalytic activity, we
changed each of them independently to alanine by site-di-
rected mutagenesis. The six individual mutants were isolated,
and the position of the alanine substitution was verified by
determination of the entire nucleotide sequence of each mu-
tant todC1 gene.

Expression of mutant and wild-type fodC1 genes. The wild-
type and mutant todC1 genes were each expressed separately
in JM109(DE3) under the control of the T7 promoter in the
vector pALTER-1. High-level expression of soluble TodCl1
proteins from both the wild-type and mutant todC1 genes was
achieved. As shown in Fig. 4A, SDS-PAGE analysis of crude
cell extracts of the wild type and the mutants revealed equiv-
alent levels of full-length TodCl1, corresponding to the calcu-
lated 50.9-kDa molecular mass. No band was observed for
negative control strain JM109(DE3)(pALTER-1). The West-
ern blot (Fig. 4B) with monoclonal antibody 301« identified
TodCl in the crude cell extracts. It also showed that the wild
type and all of the mutants expressed comparable amounts of
TodCl. In the lane containing purified ISP, (Fig. 4B), sev-
eral minor bands are apparent. These may due to the prote-
olysis and aggregation of TodC1 which occurred during the
purification process.

TDO activities with wild-type and mutant TodC1 proteins.
E. coli crude cell extracts containing wild-type and mutant
TodC1 were each analyzed for TDO activity in the presence of
TodA, TodB, and TodC2 as described in Materials and Meth-
ods. As shown in Table 2, the crude wild-type TodC1 protein,
when reconstituted with TodC2, gave a TDO specific activity of
469 mU mg~", which compares favorably with the activity of
2,580 mU mg~! recently reported for purified ISPrq;. (35).
When amino acids Glu-214, Asp-219, His-222, and His-228
were individually mutated to alanine, no activity was detected,

J. BACTERIOL.

TABLE 2. TDO activities obtained with wild-type and mutant
TodCl1 proteins®

Mean sp act”

Mutation in TodC1 (mU mg™!) + SD

Relative activity (%)

None (wild-type) 469 = 74 100
Glu-214—Ala — —
Asp-219—Ala — —
Tyr-221—Ala 196 = 19 42
His-222—Ala — —
His-228—Ala
Tyr-266—Ala

58 =8 12

“ Enzyme assays were carried out in triplicate, at three time points, as de-
scribed in Materials and Methods. Activities reported are the means of nine
determinations.

b Units per milligram of protein in cell extract from either the wild type or
mutant todCI clones.

¢ —, activity was below detectable levels (<5% of wild-type activity).

while mutations at both Tyr-221 and Tyr-266 resulted in partial
TDO activity.

Detection of reaction products. To confirm the results in
Table 2, TLC, followed by autoradiography, was used to show
that toluene is oxidized to cis-toluene dihydrodiol (Fig. 5). The
minor amounts of o-cresol detected are due to nonenzymatic
dehydration of the dihydrodiol (21). Replacement of Tyr-221
and Tyr-266 in TodCl1 reduced, but did not eliminate, the
formation of cis-toluene dihydrodiol, whereas replacement of
Glu-214, Asp-219, His-222, and His-228 completely eliminated
dihydrodiol formation.

DISCUSSION

The catabolism of aromatic hydrocarbons and related com-
pounds by aerobic bacteria is often initiated by multicompo-

st

A>

B-» . £
o

1 2 3 4 5 6 7 8

FIG. 5. Autoradiogram of the products formed from [**C]toluene by TDO
with wild-type and mutant TodC1 proteins in the TDO assay system described in
Materials and Methods. Lanes: 1, wild-type TodCl1 cell extract; 2, Glu-214—Ala;
3, Asp-219—Ala; 4, Tyr-221—Ala; 5, His-222—Ala; 6, His-228—Ala; 7, Tyr-
266—Ala; 8, cell extract from JM109(DE3)(pALTER-1). Arrows: o, origin of
TLC plate; sf, solvent front; A, o-cresol; B, cis-toluene dihydrodiol.
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nent oxygenases. More than 23 oxygenase systems have been
identified by protein purification and/or predicted amino acid
sequence analysis. The dioxygenases have been divided into
three classes with subgroups based on the number and nature
of the electron transport components in each system (3). A
comparison of the terminal oxygenase components of dioxyge-
nase and monooxygenase systems reveals one class that con-
sists of dissimilar subunits, « and B, which form an «,3, or
a;B5 conformation, depending on the enzyme. Toluene (55),
naphthalene (15), biphenyl (16, 23), benzene (68), benzoate
(66), and toluate (26) dioxygenases are examples of enzymes
that belong to this group. In a second class, the terminal oxy-
genase components consist of identical (a),, subunits, where n
= 2, 3, or 4. This group includes phthalate 4,5-dioxygenase (4),
4-methoxybenzoate monooxygenase (6), vanillate demethylase
(8), 4-chlorophenylacetate 3,4-dioxygenase (36), 3-chloroben-
zoate 3,4-dioxygenase (39), and 4-sulfobenzoate 3,4-dioxygen-
ase (34). Extensive biophysical studies on phthalate 4,5-dioxy-
genase (19 and references cited therein), 4-methoxybenzoate
monooxygenase (64), benzene dioxygenase (20), and benzoate
dioxygenase (66) have shown that each of the a subunits in
these enzymes contains a Rieske [2Fe-2S] cluster (47) and
mononuclear iron. The latter is believed to be the site of
dioxygen activation and catalysis.

A comparison of the predicted amino acid sequences for the
a subunits in the (aB), and (a), oxygenases reveals a great
deal of amino acid conservation within each group, while there
is little overall conservation between the two groups. The ex-
ceptions are at the Rieske center-binding site (11, 40), where
the motif Cys-X-His-X,,_;,-Cys-X,-His is conserved in all of
the strains listed in Fig. 3B and in the region we propose to
contain the mononuclear-iron-binding site, where the common
motif Glu-X;_,-Asp-X,-His-X,_s-His is seen in both classes of
terminal oxygenase components (Fig. 3B). To investigate the
putative role of these amino acids in TDO activity, we devel-
oped an assay that involves the reconstitution of active ISP+
from separate sources of its TodC1 and TodC2 subunits. This
assay was essential for determination of the activity of mutant
forms of TodCl1. Similar experiments have been reported for
the reconstitution of the terminal oxygenase component of
naphthalene dioxygenase (58). However, TodC2 is the first
small subunit of an (aB), oxygenase to be purified and in
addition to its importance in the present work, it will provide
the basis for future studies on the function of the small subunit
in ISPy, activity. Harayama et al. (27) have suggested that
the isofunctional small subunit in toluate 1,2-dioxygenase plays
an important role in the determination of substrate specificity.

Results of site-directed mutagenesis experiments indicate
that replacement of the Glu-214, Asp-219, His-222, and His-
228 residues of TodC1 with alanine totally abolished TDO
activity. However, alanine substitution at either of the two
semiconserved tyrosines (Tyr-221—Ala and Tyr-266—Ala) re-
sulted in proteins that retain partial TDO activity. Results of
cis-toluene dihydrodiol formation (Fig. 5) were consistent with
the results of enzyme assays in that TodC1 proteins with mu-
tations at Glu-214, Asp-219, His-222, and His-228 formed no
dihydrodiol, while the protein with mutations at Tyr-221 and
Tyr-266 formed reduced amounts of this product. All mutant
todC1 genes expressed high levels of the full-length TodCl1
protein (Fig. 4), indicating that loss or reduction of TDO
activity was not due to truncated, unstable, or reduced levels of
TodCl1. Taken together, these results demonstrate that Glu-
214, Asp-219, His-222, and His-228 are essential for catalytic
activity and may act as mononuclear iron ligands. Iron is very
loosely bound to ISP;, and significant enzyme activity is
observed only when ferrous iron is added to the assay compo-
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nents (67). Thus, we cannot unequivocally state that these
amino acids are involved in iron coordination. However, the
role of glutamate, aspartate, and histidine residues in the co-
ordination of mononuclear iron has been well documented for
several enzymes, including the catechol ring cleavage enzymes,
catechol 2,3-dioxygenase (51), 2,3-dihydroxybiphenyl 1,2-di-
oxygenase (24, 50), and protocatechuate 3,4-dioxygenase (43).
Thus, our results are consistent with the role of these amino
acids as mononuclear iron ligands in TodC1. The results are
also consistent with the suggestion that the conserved motif
Asp-X,-His-X,-His in the deduced amino acid sequences of
three (o), oxygenases may serve as a binding site for mono-
nuclear iron (39). Tyrosines at Tyr-221 and Tyr-266 in TodC1
were proposed as iron ligands (13, 38, 40) on the basis of
alignments with fewer sequences than those shown in Fig. 3B.
Although Tyr-221 is conserved in all («p),, 0Xygenases, it is not
present in three of the (a), oxygenases (39) (Fig. 3B). In
addition, Tyr-266 is only semiconserved in the alignments
shown in Fig. 3B. Replacement of either of these two tyrosines
with alanine resulted in proteins that retain partial TDO ac-
tivity and are thus unlikely to interact directly with mononu-
clear iron. It is possible that the alanine substitution at Tyr-221
may distort the iron-binding site since tyrosine is adjacent to
the essential histidine at position 222 in TodC1. Tyr-266 clearly
plays an important role in ISPy, activity, since its replace-
ment with alanine leads to a dramatic loss in the amount of
toluene converted to cis-toluene dihydrodiol. In some se-
quences, Tyr-266 is replaced with phenylalanine or tryptophan,
suggesting that there may be a structural requirement for an
aromatic amino acid in this region.

Recent magnetic circular dichroism studies of the dioxygen-
activating site of phthalate dioxygenase from P. cepacia (ter-
minal oxygenase has an o, conformation) indicate that there is
one six-coordinate Fe** site. Substrate binding converts the
site to a five-coordinate species, opening up a coordination
position for O, binding (19, 45). However, no data are avail-
able that identify the coordinating amino acid residues. Here
we present evidence that in the related TDO system, Glu-214,
Asp-219, His-222, and His-228 may be at the dioxygen activa-
tion site and play a role as mononuclear iron ligands. These
amino acids are also contained in the motif Glu-X; ,-Asp-X,-
His-X, s-His, which is conserved in all oxygenase sequences
that have been reported to date. The only exception is the
presumably allowable substitution of aspartate for glutamate in
vanillate demethylase (Fig. 3B). It will be of interest to deter-
mine whether the remaining ligands are amino acid residues or
water molecules. The latter have been shown to coordinate
metals in certain proteins (42, 43, 48). Although the amino acid
residues that act as mononuclear iron ligands in dioxygenase o
subunits have been proposed for several years on the basis of
sequence alignments (13, 38-40), this is the first study that has
provided experimental evidence of the importance of these
individual residues by replacing each with an alanine. The
development of a reconstitution assay for ISP+, with purified
TodC2 paves the way for further studies of the role of Glu-214,
Asp-219, His-222, and His-228 in TDO activity. To establish
unequivocally that these amino acids are involved in the coor-
dination of mononuclear iron, the individual TodC1 mutant
proteins are being purified and the role of iron in catalysis will
be determined by appropriate spectroscopic procedures (19,
45, 51). In addition, changing the above amino acids to resi-
dues other than alanine will provide more insight into the
oxygen fixation reactions catalyzed by these unique enzymes.
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