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Abstract Toluene-o-xylene monooxygenase (ToMO) from
Pseudomonas stutzeri OX1 has been shown to degrade all
chlorinated ethenes individually and as mixtures. Here,
DNA shuffling of the alpha hydroxylase fragment of
ToMO (TouA) and saturation mutagenesis of the TouA
active site residues 1100, Q141, T201, F205, and E214
were used to enhance the degradation of chlorinated ali-
phatics. The ToMO mutants were identified using a chlo-
ride ion screen and then were further examined by gas
chromatography. Escherichia coli TG1/pBS(Kan)ToMO
expressing TouA saturation mutagenesis variant 1100Q
was identified that has 2.8-fold better trichloroethylene
(TCE) degradation activity (apparent Vinax of 1.77 nmol
min ' mg ' protein ' vs 0.63 nmol min ' mg ' protein ).
Another variant, E214G/D312N/M399V, has 2.5-fold
better cis-1,2-dichloroethylene (cis- DCE) de{gradanon ac-
tivity (apparent V max of 8.4 nmol min ' mg~" protein ' vs
3.3 nmol min~' mg ' protein”'). Additionally, the hy-
droxylation regiospecificity of o-xylene and naphthalene
were altered significantly for ToMO variants A107T/
E214A, T201G, and T201S. Variant T201S produced 2.0-
fold more 2,3-dimethylphenol (2,3-DMP) from o-xylene
than the wild-type ToMO, whereas variant A107T/E214A
had 6.0-fold altered regiospecificity for 2,3-DMP for-
mation. Variant A107T/E214A also produced 3.0-fold more
2-naphthol from naphthalene than the wild-type ToMO,
whereas the regiospecificity of variant T201S was altered to
synthesize 3.0-fold less 2-naphthol, so that it made almost
exclusively 1-naphthol (96%). Variant T201G was more
regiospecific than variants A107T/E214A and T201S and
produced 100% 3,4-DMP from o-xylene and >99% 1-
naphthol from naphthalene. Hence, ToMO activity was
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enhanced for the degradation of TCE and cis-DCE and for
the regiospecific hydroxylation of o-xylene and naphtha-
lene through DNA shuffling and saturation mutagenesis.

Introduction

Chlorinated aliphatics are a group of health-threatening
pollutants. For example, tetrachloroethylene (PCE) is one
of 14 volatile organic compounds on the United States
Environmental Protection Agency (US EPA) Priority Pol-
lutant List (Carter and Jewell 1993). Vinyl chloride (VC) is
a known human carcinogen (McCarty 1997); and both VC
and cis-1,2-dichloroethylene (cis-DCE) are US EPA pri-
ority pollutants (Bradley and Chapelle 1998). Chloroform
is also a suspected carcinogen (McClay et al. 1996). We
have shown that toluene-o-xylene monooxygenase (ToMO)
from Pseudomonas stutzeri OX1 degrades chlorinated ali-
phatics, including chloroform, trichloroethylene (TCE), 1,
1-dichloroethylene (1,1-DCE), cis-DCE, trans-DCE, and
VC, individually and as mixtures (Chauhan et al. 1998;
Ryoo et al. 2000; Shim and Wood 2000), and that ToMO is
the only known enzyme which degrades PCE aerobically
(Ryoo et al. 2000). Aerobic bioremediation of chlorinated
aliphatics avoids the formation of VC, which frequently is
the product of anaerobic degradation of these pollutants as
one chlorine at a time is removed, with the last most difficult
(He et al. 2003; McCarty 1997). Under aerobic conditions,
the chlorinated ethenes may be completely dechlorinated,
as we have shown with ToMO for all the chlorinated ali-
phatics (Shim et al. 2001; Shim and Wood 2000), after the
formation of a probable chlorinated epoxide that is formed
by the monooxygenase (van Hylckama Vlieg et al. 1996). It
has also been shown that PCE and TCE induce their own
degradation in P, stutzeri OX1 (Ryoo et al. 2000, 2001) and
that this strain is chemotactic toward PCE and other less-
chlorinated compounds (Vardar et al. 2005a). Hence, P.
stutzeri OX1 expressing ToMO is very attractive for bio-
remediating chlorinated aliphatics.

P, stutzeri OX1, isolated from the activated sludge of a
wastewater treatment plant in Italy (Baggi et al. 1987),



grows on o-xylene, toluene, cresols, 2,3-dimethylphenol
(2,3-DMP), and 3,4-DMP via initial oxidation with ToMO
(Bertoni et al. 1996). ToMO hydroxylates toluene in the
ortho, meta, and para positions, hydroxylates o-xylene
in both the meta and para positions, and, along with
chlorinated aliphatics, oxidizes many substrates including
m-xylene, p-xylene, benzene, ethyl-benzene, styrene, and
naphthalene (Bertoni et al. 1996). ToMO is also capable of
three successive hydroxylations of benzene, forming 1,2,3-
trihydroxybenzene (THB; Vardar and Wood 2004) along
with other toluene monooxygenases, including toluene
ortho-monooxygenase (TOM) of Burkholderia cepacia
G4, toluene-para-monooxygenase of Ralstonia pickettii
PKOI1, and toluene-4-monooxygenase (T4MO) of P
mendocina KR1 (Tao et al. 2004b). The six proteins
coding for TOoMO are TouABE (three-component hydrox-
ylase with two catalytic oxygen-bridged dinuclear centers,
A,B,E,), TouC (ferredoxin), TouD (mediating protein),
and TouF (NADH-ferredoxin oxidoreductase; Bertoni et al.
1996; Cafaro et al. 2002). The alpha subunit of ToMO
(TouA) consists of the carboxylate-bridged diiron center
where the substrate hydroxylation occurs (Sazinsky et al.
2004). The crystal structure of the ToMO hydroxylase
shows that the alpha (TouA) and beta (TouE) subunits have
almost identical structure with the soluble methane mono-
oxygenase (sMMO) alpha (MmoX) and beta (MmoY)
subunits of Methylococcus capsulatus, especially near the
active site, whereas the gamma subunits (TouB for ToMO,
MmoZ for MMO) differ from each other in terms of lo-
cation and folding (TouB consists mostly of beta sheets,
whereas MmoZ consists mostly of helices; Elango et al.
1997; Rosenzweig et al. 1997; Sazinsky et al. 2004).
DNA shuffling is a common and powerful method for
protein mutagenesis (Stemmer 1994) in which hot spots of
an enzyme may be discovered. All other possible amino
acid substitutions can then be checked via saturation
mutagenesis (Sakamoto et al. 2001) at the hot spots
identified via DNA shuffling. Using DNA shuffling, the
alpha subunit (TomA3) mutation VI06A in TOM of B.
cepacia G4 was identified as a gate residue (corresponding
to 1100 of the alpha subunit TouA of the hydroxylase in
ToMO), which resulted in a 2.0-fold enhancement for TCE
degradation, a 6.0-fold enhancement in naphthalene ox-
idation, and enhanced degradation of phenanthrene, fluo-
rene, and anthracene due to greater access to the diiron site
(Canada et al. 2002). Through saturation mutagenesis,
variant TomA3 A106E was identified with 2.0-fold en-
hancement in 1-naphthol synthesis from naphthalene (Rui
et al. 2004). Another variant TomA3 A106F degraded
chloroform 2.8-fold faster than the wild-type TOM (Rui
et al. 2004). The alpha subunit positions TmoA Ql141,
T201, and F205 in the related T4AMO of P. mendocina
KR1 were also shown to be important for regiospecificity
(Pikus et al. 2000, 1997). We recently discovered that
position TouA E214 in ToMO influences the rate of
reaction by controlling substrate entrance/product efflux as
another gate residue (Vardar and Wood 2005); the rate of
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oxidation of p-nitrophenol to 4-nitrocatechol was inverse-
ly related to the size of the residue at position E214.
Hence, we reasoned that ToMO residues 1100, Q141,
T201, F205, and E214 may be important for controlling
the oxidation of chlorinated aliphatics.

In this work, our goals were to enhance the degradation
of chlorinated aliphatics and to alter the oxidation regio-
specificity of o-xylene and naphthalene, using both DNA
shuffling of fouAd and saturation mutagenesis of TouA at
positions 1100, Q141, T201, F205, and E214 of ToMO. It
was discovered that TouA positions 1100 and E214, the two
gate residues in the hydroxylase subunit, play a role in
enhancing the degradation of TCE and cis-DCE and that
TouA positions A107 and T201 play a role in altering the
regiospecificity of o-xylene and naphthalene oxidation.
This is the first random mutagenesis of this enzyme for
chlorinated substrates.

Materials and methods
Bacterial strains, growth conditions, and SDS-PAGE

Escherichia coli strain TG1 [supEhsd A5 thi A(lac-proAB)
F'(traD36 proAB lacI®lacZAM15); Sambrook et al. 1989]
was used to host pBS(Kan)ToMO (Vardar and Wood 2004)
and its variants which expressed the toudBCDEF genes
from a constitutive /ac promoter. Cells were initially
streaked from —80°C glycerol stocks on Luria—Bertani
(LBP agar plates (Sambrook et al. 1989) containing 100 pg
ml * kanamycin and incubated at 37°C. After growth on LB
agar plates, cells were cultured from a fresh single colony in
LB medium (Sambrook et al. 1989) supplemented with 100
g ml~" kanamycin at 37°C with shaking at 250 rpm (New
Brunswick Scientific Co., Edison, N.J.). Specific growth-
rate measurements were conducted with 25 ml exponen-
tially grown cells (in 250-ml shake flasks) with an optical
density at 600 nm (ODggp) between 0.1 and 0.7 and
calculated from the slope of In ODggy versus time. The
relative expression of TouA, TouE, and TouF from E. coli
TG1/pBS(Kan)ToMO was evaluated using SDS-PAGE
(Sambrook et al. 1989) and a 12% Tris-HCI gel both with
and without 1 mM isopropyl-3-p-thiogalactopyranoside
(IPTG; Fisher Scientific Co., Fairlawn, N.J.).

Chemicals

Naphthalene, chloroform, TCE, p-cresol, toluene, and o-xylene
were purchased from Fisher Scientific Co. (Pittsburgh, Pa.),
cis-DCE and trans-DCE were purchased from TCI America
(Portland, Ore.), VC were purchased from Supelco (Bellefonte,
Pa.), and 1-naphthol, 2-naphthol, PCE, 1,1-DCE, o-cresol, m-
cresol, 2,3-DMP, and 3,4-DMP were purchased from Sigma
Chemical Co. (Milwaukee, Wis.). All materials used were of
the highest purity available and were used without further
purification.
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ToMO mutagenesis and dechlorination screen

Saturation mutagenesis at positions 1100, Q141, T201,
F205, and E214 of the alpha subunit (foud) of ToMO and
DNA shuffling of 90% of foud of ToMO were performed
as described by Vardar and Wood (2004, 2005). The
inorganic chloride generated from the dechlorination of the
chlorinated aliphatics by whole cells was measured spec-
trophotometrically in 96-well plates (Canada et al. 2002).
Cells in 96-well plates were contacted with shaking at 37°C
in an airtight chamber, 23x20%23 cm, with TCE and chlo-
roform vapors (0.5 ml) for 24 h.

Extent and rates of dechlorination

Experiments were conducted with exponentially-grown
cells with an ODggg of 1.0. The cells were washed three
times at 6,000 g for 5 min at 25°C (JA-17 rotor in a J2
series centrifuge; Beckman, Palo Alto, Calif.) and re-
suspended with 1 vol. Tris-HNOj3 buffer (50 mM, pH 7.0),
to an ODg(q of 5.0. Cell suspensions (2.5 ml) were sealed
with a Teflon-coated septum and aluminum seal in 15-ml
glass vials and the chlorinated aliphatic compounds (chlo-
roform, PCE, TCE, cis-DCE, trans-DCE, 1,1-DCE, VC)
were added from dimethyl formamide (DMF) stock solu-
tions at 200 uM. After contacting at 37°C, 250 rpm in a
KS250 benchtop shaker (IKA Laboratories, Cincinnati,
Ohio), the supernatant chloride ion concentrations gener-
ated from mineralizing the chlorinated aliphatic compounds
were measured after specific times of incubation (22 h for
PCE, 17 h for chloroform, 2 h for trans-DCE and VC, 90
min for ¢is-DCE, 60 min for 1,1-DCE, 30 min for TCE ).
PCE, TCE, and the three dichloroethylenes were added
at an initial concentration of 200 uM and chloroform at
80 uM, assuming all the volatile organics were in liquid
phase (DMF as diluent); the actual initial liquid concentra-
tions, based on Henry’s law (Bradley and Chapelle 1998;
Chauhan et al. 1998; Dolfing et al. 1993), were 34 uM for
PCE, 67 uM for TCE, 108 uM for cis-DCE, 69 uM for
trans-DCE, 32 uM for 1,1-DCE, 34 uM for VC, 50 uM
for chloroform. After contact, the enzyme activity was
quenched by heating the vials in boiling water for 2 min.
The chloride ion concentrations in 500 pl supernatant were
measured spectrophotometrically as described by Canada
et al. (2002), using the negative control of DMF addition
(no chlorinated aliphatics) for each strain.

The initial degradation rates at 200 uM for wild-type
ToMO and selected mutants were determined by monitor-
ing substrate depletion via gas chromatography (GC),
using a cell density around ODgn0=10. The protein content
was 0.22 mg protein ml™" for each ODggo unit for re-
combinant E. coli TG1, as determined using the Sigma
protein assay kit (Sigma Diagnostics, St. Louis, Mo.). The
whole-cell catalytic parameters (apparent V.., Kn,) were
determined for the degradation of cis-DCE (at 13.5, 27, 54,
108, 216, 540 puM actual liquid concentration using
Henry’s law; Bradley and Chapelle 1998) and TCE (at
8.3, 16.7, 33.4, 66.7, 133.4, 333.4 uM actual liquid

concentration using Henry’s law; Chauhan et al. 1998) for
wild-type ToMO and variants 1100Q or E214G/D312N/
M399V, from the initial rate at each concentration. For
PCE and cis-DCE degradation, 0.5 mM IPTG was used
during growth at ODgoo=2.5-3.0 for 2 h and 1% of suc-
cinate was added during contact with PCE.

Regiospecificity of toluene, o-xylene,
and naphthalene oxidation

To determine the toluene and o-xylene regiospecificities,
the products of the monooxygenase reactions were an-
alyzed via GC, using ethyl acetate extraction and a hexa-
decane internal standard (Vardar et al. 2005b; Vardar and
Wood 2004). To determine the naphthalene regiospecifi-
cities, the products of the monooxygenase reactions were
analyzed via high performance liquid chromatography
(HPLC) and similar conditions were used as for nitroben-
zene (Vardar et al. 2005b) with slight changes: the gradi-
ent for naphthalene oxidation was 65:35 (H,O with 0.1%
formic acid/acetonitrile) for 0—5 min, then gradients of
35:65 at 12 min and 65:35 at 20 min. The retention times
for naphthalene, 1-naphthol, and 2-naphthol were 17.2,
13.4, and 12.7 min, respectively.

DNA sequencing

A dideoxy chain-termination technique (Sanger et al. 1977)
with the ABI Prism BigDye terminator cycle sequencing
ready reaction kit (PerkinElmer, Wellesley, Mass.) and the
PE Biosystems ABI 373 DNA sequencer (PerkinElmer)
were used to determine the TouA variant nucleotide se-
quences, using sequencing primers ToMO 1, 2, and 3
(Vardar and Wood 2004). The sequencing data were ana-
lyzed using the Vector NTI program (InforMax, Frederick,
Md.).

Results
Screening

DNA shuffling of 90% of fouA and saturation mutagenesis
of five codons in foud (1100, Q141, T201, F205, E214)
were performed to create mutations in ToMO to enhance the
degradation rate of the chlorinated aliphatics TCE, cis-
DCE, trans-DCE, 1,1-DCE, VC, and chloroform and to
alter the regiospecific oxidation of o-xylene and naphtha-
lene. A library of 8,000 mutants was generated for
saturation mutagenesis. The number of colonies from
saturation mutagenesis that must be screened to ensure a
99% probability that all possible substitutions at a single
codon are sampled was 293 (Rui et al. 2004); hence, around
500 colonies from positions TouA 1100, Q141, T201, and
F205 (2,000 colonies in total) were screened for chloride
generation from TCE and chloroform, and 500 colonies
from position TouA E214 were screened for chloride



Table 1 Chloride produced (uM) from chlorinated aliphatics by
TG1/pBS(Kan)ToMO expressing wild-type ToMO and TouA
variants. Initial liquid concentrations were calculated based on
Henry’s law (Bradley and Chapelle 1998; Chauhan et al. 1998;

513

Dolfing et al. 1993) and 200 uM was added if all the volatile organic
was in the liquid phase. Data shown are means =1SD from two
replicates. nm Not measured

Enzyme Compound (initial liquid concentration)

TCE (67 uM) c¢is-DCE (108 uM) trans-DCE (69 uM) 1,1-DCE (32 uM) VC (34 uM) Chloroform (50 nM)

[CI-] Relative [Cl-] Relative [Cl-] Relative [Cl-] Relative [Cl-] Relative [Cl-] Relative
Wild type 7342 1x 62+5 1x 96+4 1x 30+1 1x 57 1% 663 1x
1100Q 108+£2 1.5x  84+2 1.3x 62+1 0.7x 2342 0.8x 37 0.6% 65 1%
K160N 74+2 Ix 7543 1.2x 105+3 1.1x 17+1 0.6x 21 0.4x 28+2 0.4x
M180T/E284G 55 0.8x 82«1 1.3x 5242 0.6x 28+1 1x 61 1.1x 65+2 1%
E214G/D312N/M399V 79 I.1x  89+5 1.4x 95+1 1x 13£2 0.5x 58 1x 47+3 0.7x
E214G nm - 89 1.4x nm - nm - nm - nm -

generation from cis-DCE, using whole cells in a 96-well
plate format. For DNA shuffling of foud, an additional
4,000 colonies were screened.

Mutants with enhanced chloride generation from the 96-
well plate format were identified via DNA sequencing.
Interestingly, amino acid changes were found at TouA
positions 1100 and E214 (via saturation mutagenesis) and at
E214/D312/M399 and K160 (via DNA shuffling). No
mutants with enhanced activities for chlorinated aliphatic
degradation were found from saturation mutagenesis at
TouA positions Q141, T201, or F205, whereas mutants with
altered regiospecific activities for o-xylene and naphthalene
were found at TouA positions A107/E214 and T201. Note,
variant A107T/E214A arose as an unexpected spontaneous
mutant with two amino acid changes during saturation
mutagenesis at position E214; both it and variant M180T/
E284G were identified previously from a nitrobenzene agar
plate assay (Vardar et al. 2005b) and were characterized
here for the oxidation of chlorinated aliphatics, o-xylene,
and naphthalene.

Characterization of the best mutants

The best mutants identified initially by screening for
chloride release from TCE, cis-DCE, and chloroform in
96-well plates were further examined in 15-ml vials for
chloride release from dechlorination of TCE, cis-DCE,
trans-DCE, 1,1-DCE, VC, and chloroform. The amount of
chloride produced with wild-type ToMO and TouA variants
1100Q, M180T/E284G, E214G/D312N/M399V, and K160N
are shown in Table 1. Wild-type ToMO produced 73 uM

chloride from TCE, whereas TouA variant 1100Q produced
108 uM (1.5-fold increase). From cis-DCE, TouA variants
1100Q, K160N, M180T/E284G, E214G/D312N/M399V,
and E214G produced 20—-40% more chloride (Table 1). The
specific growth rates of the best mutants were approxi-
mately the same (0.50£0.02 h™' in LB + kanamycin me-
dium) except for mutant 1100Q, which had a 2.0-fold
increase compared with wild-type ToMO (1.0 h™").

Based on the enhanced degradation of TCE and cis-DCE
by several of the ToMO variants, the initial degradation
rates at 200 uM (concentration assuming all the organic
volatile was in the liquid phase) for wild-type ToMO and
TouA variants E214G/D312N/M399V, 1100Q, and K160N
were determined by monitoring TCE and cis-DCE deple-
tion via GC (Table 2; Fig. 1a). Variants [100Q and K160N
degraded TCE faster (207% and 130%, respectively) than
the wild-type ToMO. Variants 1100Q and E214G/D312N/
M399V degraded cis-DCE faster (141% and 196%,
respectively) than the wild-type ToMO.

To investigate more fully the enhanced rate of cis-DCE
degradation by E214G/D312N/M399V relative to wild-
type ToMO, the apparent V., values were measured for
whole cells and found to be 8.4 nmol min ' mg ™! protein'
and 3.3 nmol min~' mg ™' protein”, respectively, whereas
the apparent K, was 59.8 uM for E214G/D312N/M399V
and 14.7 pM for wild-type ToMO. Hence, the apparent
Vimax Was enhanced 2.5-fold for E214G/D312N/M399V for
cis-DCE degradation. To investigate the enhanced rate of
TCE degradation by 1100Q relative to wild-type ToMO, the
apparent V., values were measured for whole cells and
found to be 1.77 nmol min ' mg ™" protein " and 0.63 nmol
min ' mg ' protein !, respectively, whereas the apparent

Table 2 Initial degradation

rates at 67 uM (actual liquid Enzyme Compound

phase concentration) TCE and TCE cis-DCE

(lzggcsrll\fra(gg%ali?-%quEpg);s;G1 / Initial rate Relative Initial rate® Relative

pBS(Kan)ToMO expressing (nmol min ' mg ™! protein”") (nmol min ' mg ™' protein”")

wild-type ToMO and TouA ]

variants. nm Not measured Wild type 0.41+0.02 1x 2.7+0.05 1x
1100Q 0.85+0.01 2.1% 38 1.5x

. ) K160N 0.53+0.01 1.3x nm nm

0.5 mM IPTG used during E214G/D312N/M399V nm nm 53 2x

growth
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Fig. 1 Representative time-course experiments (a) and Lineweaver—
Burk plot (b) for TCE (67 uM actual liquid phase concentration)
degradation by TG1 cells expressing wild-type ToMO (o) and TouA
1100Q (), with regression lines shown. Error bars represent the
mean standard deviations from two independent experiments. From
the slope (a) and biomass of each experiment, the initial degradation
rates in Table 2 were calculated. Total TCE concentration shown (a)
includes nanomoles of TCE in both the gas and liquid phases. The
kinetic constants reported were calculated from plot b

0.08 0.10 0.12 0.14

K., was 72.7 uM for 1100Q and 59.5 uM for wild-type
ToMO (Fig. 1b). Hence, the apparent V},,,x was enhanced
2.8-fold for ToMO variant 1100Q for TCE degradation.
The best variants (1100Q, E214G/D312N/M399V) and
wild-type ToMO were further examined in 15-ml vials for
chloride release from PCE degradation. PCE degradation
(200 uM) was confirmed for wild-type ToMO as seen
previously (Ryoo et al. 2000; Shim et al. 2001) but no
enhanced activity was found with TouA variants 1100Q and
E214G/D312N/M399V. Wild-type ToMO produced 15
uM chloride from PCE, whereas TouA variants 1100Q and
E214G/D312N/M399V produced 12 puM and 10 uM, re-
spectively, when DMF was used as a negative control.
Oxidation regiospecificity for the natural substrate tol-
uene by wild-type ToMO and mutants 1100Q, A107T/

E214A, T201G, T201S, MI180T/E284G, and E214G/
D312N/M399V (Table 3) were reported by Vardar et al.
(2005b) and Vardar and Wood (2004). A107T/E214A
mutation converted ToMO into a para-enzyme and made
2% o-cresol, 5% m-cresol, and 93% p-cresol from tolu-
ene, whereas wild-type ToMO made 32% o-cresol, 21% m-
cresol, and 47% p-cresol (Vardar et al. 2005b). The 1100Q
and T201G mutations caused a shift in product distri-
bution and made 22% and 53% o-cresol, 44% and 12% m-
cresol, and 34% and 35% p-cresol, respectively. Mutants
M180T/E284G, T201S, and E214G/D312N/M399V gave
no substantial shift in product distribution (Vardar et al.
2005b; Vardar and Wood 2004). Oxidation regiospecifi-
cities for the other natural substrate o-xylene by wild-type
ToMO and mutant 1100Q were also reported by Vardar et
al. (2005b). Wild-type ToMO oxidized o-xylene and made
82% 3,4-DMP and 18% 2,3-DMP, whereas variant 1100Q
gave a slight shift and made 76% 3,4-DMP and 24% 2,3-
DMP.

Here, the toluene hydroxylation regiospecificity of
mutant K160N and the o-xylene and naphthalene regio-
specificities of mutants A107T/E214A, K160N, M180T/
E284G, T201G, T201S, and E214G/D312N/M399V were
determined (Table 3). Variant A107T/E214A produced
97% 3,4-DMP and 3% 2,3-DMP from o-xylene; and,
hence, there was a 6-fold change in regiospecificity for 2,3-
DMP formation (3% vs 18%), whereas variant T201S
produced 2-fold more 2,3-DMP from o-xylene than the
wild-type ToMO produced (35% vs 18%). However, var-
iant T201G was more regiospecific than variant A107T/
E214A for o-xylene oxidation and produced 100% 3,4-
DMP (Table 3).

Also, the naphthalene hydroxylation regiospecificities of
wild-type ToMO and TouA mutants 1100Q, A107T/
E214A, KI160N, T201G, T201S, M180T/E284G, and
E214G/D312N/M399V were determined (Table 3). Variant
A107T/E214A produced 3-fold more 2-naphthol from
naphthalene than wild-type ToMO produced (36% vs
12%), whereas variant T201S produced 3-fold less 2-
naphthol (4% vs 12%). Variant T201G was more re-
giospecific than variant T201S for naphthalene oxidation
and produced >99% 1-naphthol. Mutants 1100Q, K160N,
MI180T/E284G, and E214G/D312N/M399V produced the
same products (Table 3).

Enzyme expression level

The expression levels of TouA variants 1100Q, E214G/
D312N/M399V, E214G, and M180T/E284G were reported
previously, since these variants were identified using
screens for toluene, p-nitrophenol, and nitrobenzene, re-
spectively (Vardar et al. 2005b; Vardar and Wood 2005).
TouA variant 1100Q is an expression-down mutant, as
evidenced by SDS-PAGE, with a single nucleotide change
in one codon leading to less-elevated protein expression
(1.5- to 2-fold decrease). The expression levels of variants
M180T/E284G, E214G/D312N/M399, and E214G re-
mained approximately the same as that of wild-type ToMO.
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Table 3 Toluene, o-xylene, and naphthalene regiospecificities by TG1/pBS(Kan)ToMO expressing wild-type ToMO and TouA variants
1100Q, A107T/E214A, K160N, M180T/E284G, T201S, T201G, E214G/D312N/M399V, and E214G

Enzyme Toluene® regiospecificity (%) o-Xylene® regiospecificity (%) Naphthalene® regiospecificity (%)
0-Cresol ~ m-Cresol  p-Cresol  3,4-DMP 2,3-DMP 1-Naphthol 2-Naphthol
Wild-type ToMO 32 21 47 82 18 88 12
1100Q 22 44 34 76 24 89 11
A107T/E214A 2 5 93 97 3 64 36
K160N 30 23 47 82 18 89 11
MI80T/E284G 32 26 42 88 12 88 12
T201S 31 18 51 65 35 96 4
T201G 53 12 35 100 0 >99 <1
E214G/D312N/M399V 35 22 43 81 19 89 11
E214G 32 20 48 83 17 89 11

*Determined via GC, initial concentration was 91 uM toluene and 106 pM o-xylene, based on Henry’s law (250 uM if all volatile organic

was in the liquid phase)

Determined via HPLC, initial concentration was 5 mM (naphthalene solubility is 0.27 mM in water)

Hence, the increase in the activity of mutants E214G/
D312N/M399V, E214G, and M180T/E284G derives from
the amino acid substitutions rather than protein expression
level changes, and, for TouA mutant 1100Q, the activity
might be 2-fold more than that reported. Similar changes
in expression levels due to mutation have been seen with
naphthalene dioxygenase and para-nitrobenzyl esterase
(Moore and Arnold 1996; Sakamoto et al. 2001). The
variation in protein expression level could be due to either
a modification of the primary amino acid sequence
(leading to an increase in protein lability) or a single
nucleotide change (leading to increased lability of the
transcript), while the ribosome-binding site and promoter
remain unaltered.

Discussion

It is shown clearly in this paper that saturation mutagenesis
of ToMO at the key site 1100 in the alpha subunit TouA and
DNA shuffling of TouA result in enhanced degradation of
TCE and cis-DCE (e.g., TouA 1100Q, TouA E214G/
D312N/M399V). Previously, we showed the importance of
TouA positions E214/D312/M399 for increasing the oxi-
dation of nitro aromatics (Vardar et al. 2005b). TouA DNA
shuffling variant E214G/D312N/M399V oxidized nitro-
benzene 6-fold faster than wild-type ToMO and produced
m- and p-nitrophenol as well as 4-nitrocatechol, whereas
wild-type ToMO produced only m- and p-nitrophenol.
Also, the oxidation rate of nitrophenols was increased 4- to
20-fold by the mutant E214G/D312N/M399V, compared
with the wild-type ToMO. We then showed that the rates of
oxidation by variant E214G for o-nitrophenol, p-nitrophe-
nol, m-nitrophenol, and nitrobenzene were similar to variant
E214G/D312N/M399V. Therefore, positions D312 and
M399 did not appear to play an important role in catalysis;
and TouA E214G was responsible for the enhanced rate of
oxidation of the nitro aromatics (Vardar and Wood 2005).
The same TouA variant 1100Q that was identified here for
increased TCE degradation, based on the chloride screen,

was isolated independently by us for significantly altered
hydroxylation regiospecificities for o-cresol, m-cresol,
phenol, catechol, and m-nitrophenol, allowing for the
novel formation of methylhydroquinone, nitrohydroqui-
none, hydroquinone, and 1,2,4-THB (Vardar et al. 2005b;
Vardar and Wood 2004). For example, TouA mutant 1100Q
produced catechol and hydroquinone (major peak) from
benzene and methylcatechols and methylhydroquinone
(major peak) from toluene, whereas wild-type ToMO pro-
duced only catechol from benzene and methylcatechols
from toluene (Vardar and Wood 2004). Similarly, wild-type
ToMO produced only 4-nitrocatechol from m-nitrophenol,
but TouA 1100Q produced both 4-nitrocatechol (37%) and
nitrohydroquinone (63%; Vardar et al. 2005b). In addition,
ToMO TouA variant 1100Q oxidized nitrobenzene and
nitrophenols 2-fold faster than the wild-type ToMO. Here,
we show that the 1100Q mutation of ToMO increases the
degradation of TCE and cis-DCE, and this result is similar
to the V106 A mutation that was found previously in the gate
residue of the alpha subunit of TOM of B. cepacia G4
(Canada et al. 2002; V106 corresponds to position TouA
1100 in ToMO). Therefore, the enhanced chlorinated
aliphatic degradation rates with TouA variants 1100Q and
E214G corroborate the importance of these gate residues for
monooxygenase activity.

Previously, we showed the effect of the A107T/E214A,
T201G, and T201S mutations on nitro aromatics and tol-
uene hydroxylation regiospecificities (Vardar et al. 2005b).
By showing TouA position E214 does not influence
regiospecificity (Vardar and Wood 2005), we determined
that it is the A107T mutation that is relevant for the A107T/
E214A double mutant. TouA mutant A107T/E214A acted
like a para-enzyme and formed 21% m-nitrophenol and
79% p-nitrophenol from nitrobenzene, and it formed
p-cresol as the major product (93%) from toluene. In con-
trast, variant T201G had a slight shift in product distri-
bution from toluene. Here, we show that variant A107T/
E214A also acted like a para-enzyme for o-xylene oxi-
dation, since it formed 97% 3,4-DMP and 3% 2,3-DMP
from o-xylene, whereas wild-type ToMO formed 82%
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3,4-DMP and 18% 2,3-DMP from o-xylene. Similarly,
variant A107T/E214A favored hydroxylation of naphtha-
lene in the C2 position (like wild-type T4MO; Tao et al.
2004a) and produced 3-fold more 2-naphthol than wild-
type ToMO (36% vs 12%). In contrast, the T201S mutation
enhanced 2,3-DMP formation from o-xylene 2-fold and
altered the oxidation regiospecificity of naphthalene 3-fold,
and the T201G mutation caused ToMO to be even more
specific, by forming 100% 3,4-DMP from o-xylene and
>99% 1-naphthol from naphthalene (Table 3).

These results corroborate that positions A107 and T201,
which are respectively ~6 A and ~7 A away from the diiron
center, are important amino acids for converting the
unspecific ToMO to a more regiospecific enzyme. In con-
trast, gate residues 1100 and E214 of ToMO are most im-
portant for controlling the rate of oxidation of chlorinated
aliphatics and nitroaromatics (residues which are ~7 A and
23 A away, respectively, from the diiron center). 1100 can
also influence the regiospecificity of the products (e.g.,
benzene, methyl aromatics, nitroaromatics), but E214 can-
not, due to its distance from the active site. These results
should also apply to the intractable sMMO.
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