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Abstract: Saturation mutagenesis was used to generate
10 mutants of toluene-o-xylene monooxygenase (ToMO)
at alpha subunit (TouA) positions A101 and A110: A101G,
A101I, A101M, A101VE, A101V, A110G, A110C, A110S,
A110P, and A110T; by testing the substrates toluene,
o-cresol, m-cresol, p-cresol, phenol, naphthalene,
o-methoxyphenol,m-methoxyphenol,p-methoxyphenol,
o-xylene, andnitrobenzene, thesepositionswere found to
influence the regiospecific oxidation of aromatics. For
example, compared to wild-type ToMO, TouA variant
A101V produced threefoldmore 3-methoxycatechol from
m-methoxyphenol as well as produced methylhydroqui-
none from o-cresol whereas wild-type ToMO did not.
Similarly, variantA110Csynthesized1.8-foldmoreo-cresol
from toluene and 1.8-fold more 3-methoxycatechol from
m-methoxyphenol, and variant A110G synthesized more
m-nitrophenol and twofold less p-nitrophenol from
nitrobenzene. The A101V and A110C mutations did not
affect the rate of reaction with the natural substrate
toluene, so the variants had high activity. This is the first
report that these or analogous residues influence the
catalysis with this class of enzymes. Wild-type ToMO
was found to oxidize o-methoxyphenol to methoxy-
hydroquinone (60%) and 4-methoxyresorcinol (40%),
m-methoxyphenol to 4-methoxycatechol (96%) and 3-
methoxycatechol (4%), and p-methoxyphenol to 4-meth-
oxycatechol (100%). � 2005 Wiley Periodicals, Inc.

Keywords: toluene monooxygenase; saturation muta-
genesis cresols; naphthalene; methoxyphenol; xylene;
regiospecific oxidation

INTRODUCTION

Bacterial toluene monooxygenases are known for their ability

to oxidize a wide range of aromatics, degrade a variety of

organic pollutants, and produce industrially important com-

pounds (Shim et al., 2001; Tao et al., 2004b; Vardar et al.,

2005). These enzymes include toluene ortho-monooxygenase

(TOM) of Burkholderia cepacia G4 (Newman and Wackett,

1995; Shields et al., 1995), toluene-para-monooxygenase

(TpMO) of Ralstonia pickettii PKO1 (Fishman et al., 2004b),

toluene-4-monooxygenase (T4MO) of Pseudomonas mendo-

cina KR1 (Yen et al., 1991), and toluene-o-xylene mono-

oxygenase (ToMO) of Pseudomonas stutzeri OX1 (Bertoni

et al., 1996). These multi-component enzymes contain a three

subunit hydroxylase (a2b2g2) with a non-heme, carboxylate-

bridged, diiron center contained by the a subunit, a reductase,

a mediating protein, and sometimes a ferredoxin or unchar-

acterized subunit (Bertoni et al., 1996; Byrne et al., 1995;

Cafaro et al., 2002; Newman andWackett, 1995; Studts et al.,

2000). These enzymes differ in substrate range and regiospe-

cificity.

Both DNA shuffling and saturationmutagenesis have been

used to alter toluene monooxygenase activity, and Table I

summarizes positions influencing catalysis for this class of

enzymes. The ToMO crystal structure (Sazinsky et al., 2004)

shows many of these beneficial positions (e.g., I100, E103,

A107) are located in the TouA (alpha subunit) B-helix; but,

other regions of the alpha subunit have also been shown to

influence the regiospecificity of oxidation, such as positions

F205 and T201 (Pikus et al., 2000; Vardar and Wood, 2004),

which are located in the TouA E-helix as well as Q141 in the

TouA C-helix (Pikus et al., 1997). Using DNA shuffling,

TouA variants A101T/M114T and A110T/E392D were

identified previously and shown to influence the rate of

reaction and the regiospecificity of oxidation slightly of

nitrobenzene and toluene (Vardar et al., 2005); however, due

to the double mutations, it was not clear which residue was

responsible for the altered catalysis. Here, saturation

mutagenesis of the TouA alpha subunit of ToMO showed

A101 and A110, which are also located in the TouA B-helix,

influence the regiospecificity of hydroxylation of substituted

aromatics.

�2005 Wiley Periodicals, Inc.
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MATERIALS AND METHODS

Escherichia coli strain TG1 (Sambrook et al., 1989) was used

to express ToMO from pBS(Kan)ToMO (Fig. 1) using

exponentially-growing cells (Vardar and Wood, 2004).

Chemicals were from Fisher Scientific Co. (Fairlawn, NJ),

Sigma Chemical CO. (St. Louis, MO), and Acros Organics

(Morris Plains, NJ).

Saturation mutagenesis of TouA positions A101 and A110

was performed using the method of three PCR reactions as

described previously (Vardar and Wood, 2004; Vardar et al.,

2005). To introduce all amino acids at positionA101 of TouA,

a 473 bp DNA fragment that includes the KpnI restriction site

upstream of codon A101 was amplified using primers ToMO-

KpnI-front (50-CCGGCTCGTATGTTGTGTGGAATTGT-
GAGCGG-30) andA101-rear (50-GCGGCGTATTCTTCAAG
NNNGATCGCTCCGAAGTG-30), and an 458 bp DNA

fragment that includes the BstEII restriction site downstream

of codon A101 was amplified using primers A101-front (50-
GCAACTTCACTTCGGAGCGATCNNNCTTGAAGAAT-

ACGC-30) and ToMO-BstEII-rear (50-CCAGGATCTT-
GAGCGACGGTCCACCTTGCTGTGCG-30). Similarly, to

introduce all amino acids at position A110 of TouA, a 507 bp

DNA fragment that includes theKpnI restriction site upstream

of codonA110was amplifiedusingprimersToMO-KpnI-front

and A110-rear (50-GGCGAATCGCGCCATACGGGCTT-
CNNNAGTGCTTGCGG-30), and an 430 bp DNA fragment

that includes the BstEII restriction site downstream of codon

A101was amplified using primersA110-front (50-GAAGAA-
TACGCCGCAAGCACTNNNGAAGCCCGTATGGCG-30)
and ToMO-BstEII-rear. The two sets of DNA fragments were

combined separately in a 1:1 ratio to obtain the full-length,

products (889 bp) with the ToMO-KpnI-front and ToMO-

BstEII-rear primers; these fragments were cloned into

pBS(Kan)ToMO using restriction enzymes KpnI and BstEII

(Fig. 1).

To create the A101V/A110C TouA variant (double

mutant), site directed mutagenesis was performed to add

A101V to TouA using the A110C TouA variant as a PCR

template. Pfu polymerase was used to minimize random

point mutations. A 473 bp DNA fragment that includes the

KpnI restriction site upstream of codons A101 and A110 was

amplified using primers ToMO-KpnI-front and ToMO-

A101V-rear (50-GCGGCGTATTCTTCAAGGACGAT-
CGCTCCGAAGTG-30), and a 458 bp DNA fragment that

includes the BstEII restriction site downstream of codons

A101 and A110 was amplified using primers ToMO-A101V-

front (50-GCAACTTCACTTCGGAGCGATCGTCCTT-
GAAGAATACGC-30) and ToMO-BstEII-rear. The two

fragments were combined in a 1:1 ratio as templates with

the ToMO-KpnI-front and ToMO-BstEII-rear primers to

obtain the full-length, 889 bp product that introduces the

A101V mutation (along with A110C) of TouA and has two

unique restriction enzyme sites, KpnI and BstEII (Fig. 1).

This PCR product was cloned into pBS(Kan)ToMO using

restriction enzymes KpnI and BstEII. The double A101V/

A110C TouA variant was confirmed via DNA sequencing of

TouA.The resulting plasmid librarieswere electroporated into

E. coli TG1 competent cells using a Bio-Rad GenePulser/

Pulse Controller (Hercules, CA) at 15 kV/cm, 25 mF, and
200 O.
For saturationmutagenesis, 500 colonieswere screened on

o-cresol, toluene and nitrobenzene to ensure with a 99.96%

probability that all possible substitutions were screened (Rui

et al., 2004) using a colony-based agar plate assay that

detected secreted, altered dihydroxy products (Vardar and

Wood, 2004; Vardar et al., 2005). The interesting variants

were examined further with various substrates (Tables II and

III) using reverse-phase high performance liquid chromato-

graphy (HPLC) and by gas chromatography (GC) as

described previously (Vardar and Wood, 2004; Vardar et al.,

2005). A Zorbax SB-C8 column (Agilent Technologies, Palo

Alto, CA, 5 mm, 4.6� 250 mm) was used with a Waters

Corporation (Milford, MA) 515 solvent delivery system

coupled to a photodiode array detector (Waters 996) and

injected by an autosampler (Waters 717 plus). For the

methoxy substrates, gradient elution (80:20 (H2O-0.1%

formic acid:acetonitrile) for 0–17 min, 50:50 for 22 min,

and 80:20 for 35 min) was used. The retention times for m-

methoxyphenol, o-methoxyphenol, p-methoxyphenol, 3-

methoxycatechol, 2-methoxyresorcinol, 4-methoxyresorci-

nol, and methoxyhydroquinone were 29.9, 28.8, 26.2, 16.7,

12.9, 11.3, and 8.8 min, respectively. To confirm product

identifications, the retention times and UV-visible spectra of

the standard chemicals were compared with those of the

mutant-enzyme-derived samples (Tables II and III), and the

enzyme products were co-eluted with authentic standards

(except for 4-methoxycatechol).

RESULTS AND DISCUSSION

TouA A101 is closer to the FeA site of the diiron center than

FeB, whereas TouA A110 is closer to FeB diiron site (Fig. 2).

Figure 1. Vector pBS(Kan)ToMO for constitutive expression of wild-type

ToMO and mutants. KanR is the kanamycin resistance gene.
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All toluene monooxygenases have alanine at the position

analogous to the A101 of ToMO, except for TOM, which has

the larger subunit threonine (Fishman et al., 2005). ToMO

andTpMOhave alanine at the position analogous to theA110

of ToMO, whereas T4MO and TOMhave the smallest amino

acid, glycine (Fishman et al., 2005). Both ToMO positions

are located in the TouA B-helix and are �10.3 angstroms

away from the FeA site of the diiron center (calculated via

Swiss-PDB viewer (Guex and Peitsch, 1997; Peitsch, 1995;

Schwede et al., 2003)).

There is a large channel (�30–35 Å in length and 6–10 Å

in width) within the alpha subunit of ToMO connecting the

diiron center to the surface of the protein (Sazinsky et al.,

2004). The channel starts from the diiron center, traverses the

four-helix bundle between helices E and B, and passes

through cavities created by helices D, E, B, G, and H

(Sazinsky et al., 2004). Recent structure-mechanism studies

are providing insights for substrate docking and product

egress though this channel (Sazinsky and Lippard, 2005).

Ten saturation mutagenesis variants were identified using

toluene, o-cresol, and nitrobenzene based on differences in

the secreted oxidized products produced on agar plates

compared to the wild-type enzyme. The regiospecific

products of the oxidized toluene and o-cresol are shown in

Table II. The variants giving the most significant shift in the

product distribution were variants TouA A101V and TouA

A110C; for example, from o-cresol, variants A101V and

Figure 2. Important hydroxylase residues of toluenemonooxygenases. Thewild-type ToMOhydroxylase (Protein Data Bank accession code 1t0q (Sazinsky

et al., 2004))was visualized using Swiss-PdbViewer program (DeepView) (Guex and Peitsch, 1997; Peitsch, 1995; Schwede et al., 2003) andPymol. The diiron

center is shown in orange. Many of the beneficial positions such as I100 (blue), A101 (yellow), E103 (orange), A107 (red), and A110 (green) are located on the

TouA B-helix (highlighted in red). Other beneficial positions such as T201 (purple), F205 (light blue), and E214 (pink) are located in the TouA E-helix

(highlighted in yellow). Position Q141 and M180 are shown in light pink and dark pink, respectively.

Figure 3. HPLC chromatograms (presented at a wavelength of 265 nm) of

m-methoxyphenol (m-MXP) oxidation by TG1 cells expressing wild-type

ToMO (A) and TouA A101V (B). Initialm-MXP concentration was 500 mM
and the contact period was 10 min. The calibration curves and analysis of

each compound were obtained at the maximum wavelength for each

compound except for 4-methoxycatechol (4-MXC). Since all the possible

compounds except for 4-MXC (Kolanczyk et al., 1999) that can be produced

from m- and p-methoxyphenol were purchased, the peak at �15.7 min

represents 4-MXC (maximum wavelength of 286 nm).
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A110C formed methylhydroquinone (7% and 3%, respec-

tively) as a novel product (Table II). Hence, the regiospecific

products from these two variants were analyzed with eight

additional substrates (Table III). From m-cresol, variants

A101V and A110C formed twofold more 3-methylcatechol

compared to wild-type ToMO, and methylhydroquinone

(2%) was formed as a novel product by variant A110C.

Similarly, the regiospecificity of variant A101V was altered

to synthesize threefold more 3-methoxycatechol from m-

methoxyphenol (Table III, Fig. 3). Hence, Tou A101 and

A110 influence the regiospecific oxidation of methyl- and

methoxy-substituted aromatics. Variants A101Vand A110C

were as active as the wild-type on the natural substrate

toluene (initial toluene degradation rates of 2.9 and 2.1,

respectively, versus 2.6 nmol/min/mg protein) and altered the

regiospecificity of its oxidation, too (Tables II and IV).

Table IValso shows that variants A101Vand A110C were as

active as wild-type on other substrates such as o-cresol, o-

methoxyphenol, m-methoxyphenol, and p-methoxyphenol.

The double TouAmutant A101V/A110Cwas active as the

wild-type enzyme and the single variants (Table IV);

however, the two beneficial mutations did not alter the

regiospecfic oxidation of o-methoxyphenol,m-methoxyphe-

nol, and naphthalene oxidation very much (Table III)

although therewas a slight increase inmethoxyhydroquinone

production from o-methoxyphenol. Thus, this double mutant

A101V/A110C behaves more like the single mutant A101V.

There is no previous report about the hydroxylation of

methoxy aromatics by ToMO. Here, it was also discovered

that ToMO oxidizes o-methoxyphenol to methoxyhydroqui-

none (60%) and 4-methoxyresorcinol (40%); m-methoxy-

phenol to 4-methoxycatechol (96%) and 3-methoxycatechol

(4%); and p-methoxyphenol to 4-methoxycatechol (100%)

(Table III). These results differ from that of T4MO, which

produces 4-methoxyresorcinol (87%) and 3-methoxycate-

chol (11%) from o-methoxyphenol (Tao et al., 2004a).

After screening 500 colonies from each A101 and A110

library on nitrobenzene agar plates, none of the variants

generated by saturation mutagenesis had significantly-

enhanced rates of nitroaromatic oxidation. The two best

variants that formed darker red halos, TouA A110G and

TouA A110P, had only a 20% and 30% increase in

nitrobenzene oxidation (e.g., 0.17 vs. 0.13 nmol/min/mg

protein for 200 mM nitrobenzene for TouA A110P and wild-

type ToMO, respectively). However, the regiospecific

oxidation of nitrobenzene by these variants was altered to

synthesize twofold less p-nitrophenol compared to the wild-

type enzyme with more m-nitrophenol produced (86% to

88% vs. 72% for the wild-type enzyme).

It is clearly shown in this study that residues A101 and

A110 in the alpha subunit of ToMO affect catalytic activity.

Hence, all of the known beneficial residues that influence

regiospecificity for toluene monooxygenases are nearby the

active site, and most of them are located on the alpha subunit

helix-B (Fig. 2). In contrast, TouA position E214G, which is

23 Å from the active site, influences the rate of oxidation of

nitroaromatics, but does not influence the regiospecificity of

the reaction (Vardar and Wood, 2005a). By discovering two

more residues that influence catalysis, those who wish to

tailor this family of monooxygenases (which includes

soluble methane monooxygenase of Methylosinus trichos-

poriumOB3b (Jahng andWood, 1994)) now have more tools

to allow them, for example, to produce pharmaceuticals from

indigoid compounds (Rui et al., 2005) and to control the

regiospecific hydroxylation of toluene (Fishman et al., 2005).
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