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ABSTRACT Toluene o-xylene monooxygenase (ToMO) was found to oxidize chloroben-
zene to form 2-chlorophenol (2-CP, 4%), 3-CP (12%), and 4-CP (84%) with a total prod-
uct formation rate of 1.2 £ 0.17 nmol/min/mg protein. It was also discovered that
ToMO forms 4-chlorocatechol (4-CC) from 3-CP and 4-CP with initial rates of 0.54 + 0.10
and 040 * 0.04 nmol/min/mg protein, respectively, and chlorohydroquinone (CHQ,
13%), 4-chlororesorcinol (4-CR, 3%), and 3-CC (84%) from 2-CP with an initial product
formation rate of 1.1 = 0.32 nmol/min/mg protein. To increase the oxidation rate and
alter the oxidation regiospecificity of chloroaromatics, as well as to study the roles of
active site residues L192 and A107 of the alpha hydroxylase fragment of ToMO (TouA),
we used the saturation mutagenesis approach of protein engineering. Thirteen TouA
variants were isolated, among which some of the best substitutions uncovered here
have never been studied before. Specifically, TouA variant L192V was identified which
had 1.8-, 1.4-, 2.4-, and 4.8-fold faster hydroxylation activity toward chlorobenzene, 2-CP,
3-CP, and 4-CP, respectively, compared to the native ToOMO. The L192V variant also had
the regiospecificity of chlorobenzene changed from 4% to 13% 2-CP and produced the
novel product 3-CC (4%) from 3-CP. Most of the isolated variants were identified to
change the regiospecificity of oxidation. For example, compared to the native ToMO,
variants A107T, A107N, and A107M produced 6.3-, 7.0-, and 7.3-fold more 4-CR from 2-
CP, respectively, and variants A107G and A107G/L192V produced 3-CC (33 and 39%,
respectively) from 3-CP whereas native ToMO did not.

IMPORTANCE Chlorobenzene is a commonly used toxic solvent and listed as a priority
environmental pollutant by the US Environmental Protection Agency. Here, we report
that Escherichia coli TG1 cells expressing toluene o-xylene monooxygenase (ToMO) can
successfully oxidize chlorobenzene to form dihydroxy chloroaromatics, which are valua-
ble industrial compounds. ToMO performs this at room temperature in water using only
molecular oxygen and a cofactor supplied by the cells. Using protein engineering tech-
niques, we also isolated ToMO variants with enhanced oxidation activity as well as fine-
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regulated under the Safe Drinking Water Act, which sets a maximum contaminant level
of 0.1 ppm (3). Therefore, EPA regulations require companies and governmental agen-
cies to detect its presence in effluents and remove them from contaminated sites.

Monooxygenases can hydroxylate chlorobenzene, but since monochlorophenols, the
monohydroxylated products, are also common environmental pollutants and 2-chlorophe-
nol (2-CP) is also listed as a priority pollutant (5), double hydroxylation of chlorobenzene
to dihydroxy chloroaromatics is a more promising path toward bioremediation and green
chemistry. Dihydroxy chloroaromatics are important industrial compounds. For example,
4-chlororesorcinol (4-CR) is used in hair dye formulations (6). It can also be used in the syn-
thesis of coumarin-based compounds, carrying halogen and trifluoromethyl, which have
been shown to have antifungal activities. Chlorohydroquinone (CHQ) is a component of
polyethers based on organotin with potential applications for breast cancer treatment via
growth inhibition (7). It is also used to make photographic developer, stabilizer, antioxi-
dants, medicines, and other useful organic intermediates (2). Direct microbial oxidation of
chlorobenzene or chlorophenols for the synthesis of dihydroxy chloroaromatics may pro-
vide a more cost-effective and environmentally benign approach compared to complex
classical methods (8). In particular, the potential of regioselective catalysis makes direct mi-
crobial oxygenations attractive.

Due to its wide substrate range and malleable catalytic activity, toluene o-xylene mono-
oxygenase (ToMO) of Pseudomonas sp. OX1 (9-17) was investigated as a chloroaromatic oxi-
dizer for the first time. TOMO is a soluble, non-heme, O,- and NADH-dependent monooxy-
genase which hydroxylates toluene and o-xylene as natural substrates. The six Pseudomonas
genes encoding ToMO are touABE (three-component hydroxylase with two catalytic oxygen-
bridged dinuclear centers, A,B,E,), touC (ferredoxin), touD (regulatory protein), and touF
(NADH-oxidoreductase). TouA (499 amino acids) contains the active site, where dioxygen
activation and substrate hydroxylation occur. The active site is connected to the exterior of
the protein through a large access channel, a probable route for aromatic substrate access
and/or product egress (9-20).

Residues TouA 1100, E103, A107, Q141, F176, M180, L192, F196, T201, Q204, and F205
form the active site substrate binding pocket (21) and are mostly conserved among tolu-
ene monooxygenase (TMO) family members (9, 16, 22, 23). Most of these TouA residues
have been the subject of several protein engineering studies and have been shown to
influence the catalytic activity and/or regiospecificity of ToMO (9-11, 13, 15, 17, 24-27). Of
these residues, L192 and A107 are especially noteworthy since these positions have not
been comprehensively studied through saturation mutagenesis in ToMO. All TMOs have
leucine at the position analogous to the L192 in ToMO, except for toluene ortho-monooxy-
genase (TOM) of Burkholderia cepacia G4 (28), which has valine; TouA position A107 is con-
served in all of the TMOs. Residue A107 of ToOMO has been studied previously using the
rational design approach of site-directed mutagenesis by generating variants A107V and
A1071 (24). It was found that insertion of valine or isoleucine at position 107 resulted in an
enhanced para-hydroxylation preference compared to the native TOMO. Through random
mutagenesis/directed evolution, we also previously isolated a TouA double variant,
E214A/A107T, which also acted like a para enzyme (13). Studies with other TMOs have
also reported the important role of position 107 on regioselective aromatic hydroxyla-
tions (29-32). In this study, our goals were to evaluate the ability of native ToMO to
oxidize chlorobenzene and chlorophenols; to use the semirational approach of satu-
ration mutagenesis at TouA positions A107 and L192 to investigate their roles in ca-
talysis; to enhance the oxidation rates of chlorobenzene and chlorophenols, hence
enhancing the synthesis rates of dihydroxy chloroaromatics; and to alter the regio-
specific hydroxylation of chloroaromatic compounds by ToMO. It was discovered that
native ToMO forms 2-CP, 3-CP, and 4-CP from chlorobenzene and dihydroxy chloroar-
omatics from CPs. Overall, four new reactions were found for native ToMO, and pro-
tein engineering was used to construct 13 variants, of which 10 were novel in ToMO
and 9 among the related family enzymes.
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RESULTS

The pathways for the oxidation of chlorobenzene to CPs, and dihydroxy chloroben-
zene derivatives with native TOMO, are shown in Tables 1 and 2. To our knowledge,
there are no previous reports about the hydroxylation of CB or CPs by ToMO. Here, we
discovered that Escherichia coli TG1 cells expressing native ToOMO oxidize chloroben-
zene to form 2-CP (4%), 3-CP (12%), and 4-CP (84%) with a total product formation rate
of 1.2 = 0.17 nmol/min/mg protein (Table 1). TOMO oxidized 2-CP to form CHQ (13%),
4-CR (3%), and 3-chlorocatechol (3-CC, 84%) with a total product formation rate of
1.1 = 0.32 nmol/min/mg protein (Table 2). Both 3-CP and 4-CP were oxidized to form
4-CC (100%), with initial formation rates of 0.54 = 0.10 and 0.40 = 0.04 nmol/min/
mg protein, respectively. As expected, we also discovered that native TOM (28) oxidized
chlorobenzene primarily at the ortho position and formed 93% of 2-CP, 3% of 3-CP, and
4% of 4-CP; whereas native toluene-4-monooxygenase of Bradyrhizobium sp. BTAI1
(TAMO-BTAI1) (16) oxidized chlorobenzene at the para position and formed only 4-CP
(100%) (Table 1). None of these products were detected when E. coli cells with an empty
vector was used.

Saturation mutagenesis was performed independently at amino acid positions TouA
A107 and L192 (Fig. 1) in attempt to improve the ToMO catalytic activity and regiospecific-
ity for chlorobenzene, 2-CP, 3-CP, and 4-CP oxidation. Libraries of around 1,000 colonies
each were generated from both positions. Overall, 500 colonies from both libraries were
screened with chlorobenzene and 2-CP as the substrates to ensure that all of the possible
saturation variants were sampled, based on the statistical analysis reported by Rui et al.
(28). Twelve possible variants from the A107 library were selected after three rounds of
screening, and sequencing revealed that six different enzymes were obtained (Tables 1
and 2). TouA variants A107G and A107T were selected three and two times, respectively.
Colonies expressing TouA variant A107G were also brown, similar to the color of native
TOM (28) (E. coli TG1 cells expressing native ToMO are blue [Fig. S1 in Supplemental File

TABLE 1 Oxidation of chlorobenzene by E. coli TG1 expressing native ToMO, TOM (28), and
T4MO-BTAi (16); saturation mutagenesis of TouA A107 and L192 variants, single variants
Q204H (15) and F176H (17), and double variants A107G/L192V and A107T/L192V“

Regiospecificity (%)°
Enzyme® 2-CP 3-CP 4-CP Total rate
ToMO 4 12 84 1.2 £0.17
L192Vv 13 12 75 22 +0.11
L192A 8 20 72 1.3 £045
L192C 14 17 69 0.27
L192K 12 13 75 0.18
L192P - - - NA
A107G 68 15 17 0.97 = 0.20
A107T 0 2 98 0.76 = 0.39
A107M 0 0 100 0.06
A107N 2 3 95 0.04
A1071 0 2 98 0.02
A107V 3 4 93 0.09
L192V/A107G 60 18 22 1.7
L192V/A107T 0 5 95 0.94
Q204H¢ 2 1 87 0.47
F176H¢ 2 7 91 NM
TOM 93 3 4 0.95 = 0.10
T4AMO-BTAI1 0 0 100 0.1

aToMO, toluene o-xylene monooxygenase; TouA, alpha hydroxylase fragment of ToMO; CP, chlorophenol; NA, no
activity; NM, not measured; TOM, toluene ortho-monooxygenase; TAMO-BTAi1, toluene-4-monooxygenase of
Bradyrhizobium sp. BTAi1.

bThe accession numbers of the enzymes used are AY621080 for native ToMO, AF349675 for native ToM, and
CP000494.1 for native T4AMO-BTAI1. TouA variants were generated from AY621080.

<Standard deviation values were <1%.

9Initial concentration was 5 mM chlorobenzene. Initial total product formation rates are given in nmol/min/mg protein.

¢Previously isolated TouA variants (15, 17).
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TABLE 2 Oxidation of 2-CP, 3-CP, and 4-CP by E. coli TG1/pBS(Kan)ToMO expressing native ToMO and saturation mutagenesis TouA A107 and
L192 variants, single variants Q204H (15) and F176H (17), and double variants A107G/L192V and A107T/L192V¢

2-CP® oxidation 3-CP® oxidation

Regiospecificity (%)° Regiospecificity (%)° 4-CP® oxidation
Enzyme CHQ 4-CR 3-CC Total rate 4-CC 3-CC CHQ Total rate? 4-CC formation rate?
ToMO 13 3 84 1.1 £0.32 100 0 0 0.54 = 0.10 0.40 = 0.04
L192v 15 3 82 1.5*0.26 96 4 0 1.3 £0.34 1.9 £0.10
L192A 13 0 87 1.3 £ 046 100 0 0 0.59 = 0.05 0.73 £ 0.19
L192C 14 2 84 0.32 100 0 0 0.09¢ 0.35¢
L192K 1 3 86 0.25 98 2 0 0.21 041¢
L192P - - - NA - - - NA NA
A107G 48 0 52 0.37 = 0.05 57 33 10 0.60 = 0.25 0.27 = 0.05
A107T 28 19 53 0.87 = 0.33 100 0 0 0.56 = 0.12 0.39 = 0.13
A107M 36 22 42 0.14¢ 100 0 0 0.01 0.003 = 0.001
A107N 8 21 71 0.018 100 0 0 0.025 * 0.008 0.026 = 0.012
A107I 1 2 87 0.003 100 0 0 0.004 0.003
A107V 13 1 86 0.032 = 0.01 100 0 0 0.045 * 0.007 0.019 £ 0.008
L192V/A107T 18 5 77 0.90 100 0 0 0.78 0.71
L192V/A107G 33 0 67 NM 50 39 1 NM NM
Q204Hf 19 4 77 0.31 100 0 0 0.10 0.14
F176H" 81 1 18 NM 95 0 5 NM NM

aToMO, toluene o-xylene monooxygenase; TouA, alpha hydroxylase fragment of TOMO; NM, not measured; NA, no activity; CP, chlorophenol; CHQ, chlorohydroquinone; CR,
chlororesorcinol; CC, chlorocatechol.

bnitial concentrations were 500 uM 2-CP, 500 M 3-CP, and 500 M 4-CP.

cStandard deviation values were <1%.

9Initial total product formation rate in nmol/min/mg protein.

eInduced with IPTG (isopropyl-3-p-thiogalactopyranoside).

Previously isolated variants (15, 17).

S1]). Five different enzymes were obtained from the L192 library; variant L192V was
selected three times (Tables 1 and 2). Variants L192P and A1071 were originally chosen for
their inability to produce blue-colored indigo on Luria-Bertani (LB) (100 wg/mL kanamycin)
medium (Fig. S1).

For chlorobenzene oxidation, there were 3.3-, 2.0-, 3.5-, and 3.0-fold changes in regio-
specificity for 2-CP formation with variants L192V, L192A, L192C, and L192K, respectively
(Table 1). No product was detected from chlorobenzene even after 24-h contact by variant
L192P. Variant TouA A107G showed the most drastic change in regiospecificity among all
the other variants by producing 68% 2-CP, which is 17-fold higher than the 2-CP percent-
age obtained with native ToMO. On the other hand, all of the other A107 variants showed
a preference for C-4 hydroxylation and yielded more 4-CP compared to the native ToMO.
Interestingly, previously isolated regiospecific variants TouA F176H and Q204H showed
only small changes in chlorobenzene oxidation. In terms of activity, variant L192V was a
better catalyst than native ToMO, exhibiting a 1.8-fold higher product formation rate
(Table 1). Among the A107 and L192 variants, the total product formation rates for TouA
L192A, A107G, and A107T were comparable to the rates for native ToMO, whereas TouA
L192C, L192K, A107M, A107N, A1071, and A107V showed dramatically reduced rates (Table
1). In terms of regiospecificity, combinations of A107G/L192V or A107T/L192V were not
additive for chlorobenzene oxidation; thus, double variants A107G/L192V and A107T/
L192V behaved more like the single variants A107G and A107T, respectively.

For 2-CP oxidation, there were a 6.3-, 7.3-, and 7.0-fold changes in regiospecificity
for 4-CR formation with variants A107T, A107M, and A107N, respectively (Table 2).
Furthermore, TouA variants A107G, A107T, A107M, and the previously isolated regio-
specific variant F176H produced 3.7-, 2.2-, 2.8-, and 6.2-fold more CHQ from 2-CP,
respectively. On the other hand, TouA L192 variants, as well as the previously isolated
regiospecific variant Q204H, showed only small changes. The combination of A107G/
L192V might be additive for 2-CP regiospecific oxidation, whereas combining the
A107T and L192V mutations slightly altered the oxidation of 2-CP and variant A107T/
L192V behaved more like the single variant L192V. For 3-CP oxidation, TouA variant
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FIG 1 Three-dimensional structure of the ToMO alpha-subunit (TouA) (PDB code: 1T0Q [18]) showing
catalytic residues A107 and L102 of the native ToMO (blue) along with the TouA variants A107T (pink),
A107G (green), and L192V (red). For clarity, other variants generated are not shown. Other important
positions E103 (active site residue), F176 (active site residue), and Q204 (channel residue) are shown in
gray. Iron atoms are represented as orange spheres. Iron-binding residues (TouA E104, E134, H137, E197,
E231, and H234) are depicted as orange lines. Surfaces of the hydrophobic cavities and channel detected
by PyMOL are shown in gray for native ToMO, green for A107G, red for L192V, and pink for A107T. The
side chain of T107 participates in the new hydrogen bond (yellow dashed lines) with the main chain of
E103 (gray lines).

A107G exhibited the largest shift in product distribution by producing the novel prod-
ucts 3-CC (33%) and CHQ (10%). Variants L192V and L192K also produced the novel
product 3-CC (4% and 2%, respectively), whereas variant F176H produced the novel
product CHQ (5%) from 3-CP. Combining the A107G and L192V mutations did not alter
the oxidation of 3-CP very much; thus, double variant A107G/L192V behaved more like
the single variant A107G. For 4-CP oxidation, all of the variants isolated exhibited the
same regiospecificities as ToMO by only producing 4-CC. In terms of activity, variant
L192V was a better catalyst than native ToMO for 2-CP, 3-CP, and 4-CP as well, exhibit-
ing 1.4-, 2.4-, and 4.8-fold higher total product formation rates, respectively (Table 2).
To investigate more fully the enhanced rate by L192V relative to the native ToOMO, we
also measured the apparent v, values for 4-CP oxidation and found them to be
2.3 = 0.25 and 0.58 = 0.10 nmol/min/mg protein, whereas the apparent K, values were
0.17 = 0.02 mM and 0.12 = 0.02 mM, respectively. Hence, the apparent v,,,,/K,, was
enhanced 2.8-fold for variant L192V for 4-CP oxidation. Similar to chlorobenzene, TouA
variants A107M, A107N, A1071, and A107V showed dramatically reduced rates toward 2-
CP, 3-CP, and 4-CP as well (Table 2). No products were detected when using variant
L192P. To confirm that the increase in the activity of the TouA variant L192V derived
from the amino acid substitution rather than from increased enzyme expression levels,
we used sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The
expression levels of the TouA variant L192V were approximately the same as those of
native ToMO; hence, the increase in activity appears to arise from the mutation and not
from different expression levels.

DISCUSSION

In this paper, we show that native ToMO forms 2-CP, 3-CP, and 4-CP from chloroben-
zene and 3CC, 4CC, 4CR, and CHQ from CPs (Tables 1 and 2). Further, the hydroxylation
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rate of substrates chlorobenzene, 2-CP, 3-CP, and 4-CP may be enhanced by introducing
the TouA mutation L192V (Tables 1 and 2). Also, the regiospecific hydroxylation of sub-
strate chlorobenzene may be changed by introducing the mutations A107G, A107T,
A107M, A107N, A1071, A107V, L192V, L192A, L192C, and L192K (Table 1); the regiospe-
cific hydroxylation of 2-CP may be changed by the mutations A107G, A107T, A107M,
A107N, and F176H (Table 2); and the regiospecific hydroxylation of 3-CP may be changed
by the mutations A107G, L192V, L192K, and F176H (Table 2). The activity of the enzyme is
lost by introducing the TouA mutation L192P (no oxidation is observed, Tables 1 and 2). In
this study, a total of eight novel substitutions of TOMO were isolated using saturation mu-
tagenesis combined with a powerful agar plate screening method (9, 12, 15, 31, 33). To
our knowledge, there are no previous data indicating the role of TouA position L192 in
ToMO activity and regiospecificity. In addition, both TouA positions A107 and L192 have
never been studied through the saturation mutagenesis approach of protein engineering.

Using site-directed mutagenesis, Notomista et al. (24) previously studied two of the
substitutions isolated here, A107V and A107I, for the oxidation of toluene and o-xylene,
and these changes resulted in a preference for para-hydroxylation in ToMO. In this
study, Notomista et al. also used computational modeling to predict that TouA muta-
tions A107V and A1071 would have significantly reduced k_,, values for phenol, ben-
zene, toluene, and o-xylene oxidation (24). Here, we report that TouA variants A107V
and A107I also acted like para enzymes toward chlorobenzene at significantly reduced
rates (Table 1), correlating well with the previous work. Using DNA shuffling, we had previ-
ously isolated double variant A107T/E214A with better para acting properties for toluene,
nitrobenzene, 2-nitrophenol, o-xylene, and naphthalene oxidation, and concluded that
A107T, rather than E214A, was most likely the amino acid responsible for making ToMO a
para enzyme (13). Here, we report that single variant TouA A107T acted like a para enzyme
toward chlorobenzene, correlating well with our previous prediction (11, 13). Furthermore,
residue A107 in the related enzymes T4MO, TpMO, and TOM has also been studied and
shown to control the regiospecificities of toluene, indole, o-cresol, o-methoxyphenol, naph-
thalene, fluorene, nitrobenzene, butadiene, and/or methoxybenzene oxidation (29-32). For
example, it was found that changing alanine to glycine resulted in higher ortho hydroxylat-
ing capabilities and alanine to threonine resulted in higher para hydroxylating capabilities
(30, 31); hence, our results with variants A107G and A107T (Table 1 and 2) are also in accord
with those of previous studies of related enzymes. In addition, we also found that the regio-
specificity of acetanilide (Table 3) was changed from 31% to 82% 4-acetamidophenol by
variant A107T, and from 27% to 98% 2-acetamidophenol by variant A107G. TG1 expressing
TouA variant A107G with enhanced ortho hydroxylation capability also changed the color
of the cell suspension from native blue to brown, which is similar to the color of ortho-
hydroxylating native TOM (29). The formation of blue- and brown-colored indigoid com-
pounds, indigo and isoindigo, respectively, results from the oxidation of indole generated
by tryptophanase activity in TG1 cells (29) (Fig. S1). Here, we also isolated novel substitutions
A107M and A107N with altered but decreased activities (Tables 1 and 2). In terms of activity,
alanine might be the preferred amino acid at TouA position 107 toward chloroaromatic
compounds (Tables 1 and 2).

Using site-directed mutagenesis, L192M substitution has been previously isolated
for the oxidation of toluene, trichloroethylene (TCE), and/or butadiene in the related
enzyme T4MO (34). It was found that changing leucine to methionine resulted in a
small change in the product distribution for the oxidation of butadiene (67% S- and
33% R-butadiene epoxide formation with native T4AMO versus 73% S- and 27% R-buta-
diene epoxide with L192M variant). The same substitution in T4AMO led to slightly
increased activity for TCE (1.5-fold) and lowered activity for toluene (1.8-fold) oxidation
(34). Here, we report that V192 of ToMO TouA had enhanced activity toward chloro-
benzene, 2-CP, 3-CP, and 4-CP, exhibiting 1.8-, 1.4-, 2.4-, and 4.8-fold higher total prod-
uct formation rates, respectively. Sazinsky et al. (18) previously suggested that having
an isoleucine or valine at position 192 would create extra space in the active site cavity
for toluene (Fig. 1). As toluene approaches the active site through the cavity, the bulk
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TABLE 3 Oxidation of monosubstituted benzenes and phenols by native TOMO

Applied and Environmental Microbiology

X X X X X X X
e c2 e ce Sk OH OH
— + + —s + *
c5 c3 C5 c3
c4 OH s )
OH OH
Orientation Orientation
Substrate Substituent, X % C2 % C3 % C4 Reference Substrate Substituent, X % C3 % C4 % C5 Reference
Toluene -CH3 32 21 47 (O] 2-Cresol -CH3 100 0 0 (O]
Phenol -OH 100 0 0 ) Catechol -OH 100 0 0 (O]
Nitrobenzene -NO, 0 72 28 (13) 2-Nitrophenol -NO, 18 0 82 (13)
Chlorobenzene -Cl 4 12 84 this study 2-Methoxyphenol = -OCH3 0 40 60 (12)
Acetanilide® -NHCOCH3 27 42 31 this study 2-Chlorophenol -Cl 84 3 13 this study
2-phenylethanol -CH>,CH,OH 5 90 5 (26)
2-phenoxyethanol =~ -OCH>CH,OH 18 44 38 (49)
X X X X X
OH
cs c2 cs c2
—_— + —_—
cs5 cs c3
4 OH OH OH
OH OH OH
Orientation Orientation
Substrate Substituent, X % C2 % C4 Reference Substrate Substituent, X % C3 Reference
3-Cresol -CH3 4 96 ) 4-Cresol -CH3 100 )
Resorcinol -OH 0 100 ) Hydroquinone -OH 100 )
3-Nitrophenol -NO» 0 100 (13) 4-Nitrophenol -NO» 100 (13)
3-Methoxyphenol = -OCHj3 4 96 (12) 4-Methoxyphenol | -OCHj3; 100 (12)
3-Chlorophenol -Cl 0 100 this study 4-Chlorophenol -Cl 100 this study

9To detect and separate acetanilide derivatives, an Ascentis C,; column (25 cm x 4.6 mm, 5 um) was used with an isocratic method of 2-propanol: methanol: water, 8:18:74

(vol/vol), as described previously (50).

residue at 103 (E103) may steer the methyl group on the phenyl ring toward the
Feg side of the active site pocket, where residues 180 and 192 reside. The result would
be exposure of the toluene C-2 position to the diiron center with subsequent hydroxy-
lation at the ortho position (18). Here, we report that the ortho hydroxylation capability
of TouA variant L192V was enhanced by 3.3-fold toward chlorobenzene (Table 1),
agreeing well with this previously reported prediction. Furthermore, we found that
TouA variant L192V had the regiospecificity of acetanilide (Table 3) changed from
27% to 59% 2-acetamidophenol, also exhibiting 2.2-fold higher ortho hydroxylating
capability.

Position A107 is located in the TouA helix B, whereas position L192 is located in the
TouA helix E. Both of the positions are closer to the Fey site of the diiron center than to
the Fe, site, and the closest distances between the Feg site and residues A107 and
L192 are around 5.6 and 6.0 A, respectively. Modeling of the side chains of variants
TouA A107 and L192 (Fig. 1) suggests that substitutions at these positions may result
in changes in the accessibility, character, and/or size of the active site pocket and may
also change the distances of the side chains with respect to iron atoms. Previous mod-
eling-docking calculations, as well as structure-mechanism studies, have provided valu-
able insights for substrate/product docking at the substrate binding cavity (19, 20, 24,
27, 31, 35, 36). Among all of the A107 variants, only alanine to glycine substitution
causes this residue to move further away from both Fe, and Fe; sites by ~1.4 A. All of
the other substitutions at A107 cause this residue to move closer to the Feg site by
~1.0 A. The changes in the decreased size of the side chain of residue 107 (A107G),
which increases the size of the active site cavity, might have caused the benzene ring
of chlorobenzene to shift such that the C-2 is directed more toward the diiron center.
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On the other hand, the increased size of the side chains of residue 107 (A107T, M, N, |
and V) might have changed the location of the chloride group of chlorobenzene to
promote more 4-CP formation by oxidation of the C-4. Here, we also observed that the
residue in position L192 may need to be hydrophobic in order for ToMO to be efficient
catalysts, whereas position A107 can accommodate either hydrophobic or hydrophilic
substitutions. Among all mutations, only TouA mutation A107T may introduce an addi-
tional hydrogen bond with the main chain of residue E103, whereas other variants do
not cause any H-bond formation with its neighbors (Fig. 1).

Unlike the other family enzymes, native ToMO has a relaxed regiospecificity toward the
natural substrate toluene (9, 16, 28, 33, 37) and the type of substitutions on the aromatic
ring affects its regiospecificity. Table 3 summarizes the influence of ring substituents on
regioselective hydroxylation by native ToOMO. For example, native TOMO hydroxylates nitro-
benzene primarily at the meta position and produces 72% of 3-nitrophenol (3-NP), whereas
it hydroxylates chlorobenzene primarily at the para position and produces 84% of 4-CP. In
this study, we have shown that native ToMO hydroxylates 2-CP faster than 3- and 4-CP, and
hydroxylates 3-CP faster than 4-CP (Table 2), which follows a similar trend for the hydroxyla-
tion of NPs (13). The total product formation rates from 500 wM 2-CP (Table 2) and 2-NP
(13) were also comparable (1.1 and 0.91 nmol/min/mg protein, respectively).

In this study, we also report that ToMO can successfully oxidize acetanilide, which
was once a commonly used antipyretic and analgesic drug (38) (Table 3). Our initial
results with acetanilide and other typical substrates used in drug-metabolizing human
P450 monooxygenase studies (10, 11, 13, 39-41) show the potential of nonhuman
ToMO and its variants in drug metabolism applications; hence, their applicability to
selectively hydroxylate other drugs (42, 43), including those which are structurally related
to chlorobenzene, is currently being investigated. Given its engineering-friendly proper-
ties and the strong expression of its multiple components, whole-cell transformations
with ToMO are easy and more reflective of how the biocatalysts may be used (14, 44,
45). Whole cells expressing ToMO perform aromatic hydroxylations at room temperature
in water (Tris-HNO; [pH 7.0]) using molecular oxygen and the NADH cofactor which is
provided by the cells (Fig. S1). Our journey began about 18 years ago (9), probing the
plasticity of ToMO though protein engineering for the synthesis of fine chemicals and
bioremediation. We are excited to continue exploring and expanding the substrate rep-
ertoire of this wonderful enzyme for a variety of whole-cell oxidative transformations.

MATERIALS AND METHODS

E. coli strain TG1 was utilized as the host for gene cloning and expression. The relative expressions of
the TouA, TouE, and TouF from TG1 expressing native TOMO and its variants were evaluated using SDS-
PAGE, as described previously (9). Chemicals were from Sigma-Aldrich (St. Louis, MO), Thermo Fisher
Scientific (Waltham, MA), and TCI America (Portland, OR).

Saturation mutagenesis of TouA positions A107 and L192 was performed using three-step overlap
extension PCR, as described previously (9, 16, 46). To introduce all amino acids at TouA position A107, a
491-bp DNA fragment which included the Mlul restriction site upstream of codon A107 was amplified
using primers ToMO-Kpnl-front and A107-rear, and a 1,161-bp DNA fragment which included the Sall
restriction site downstream of codon A107 was amplified using primers A107-front and ToMO- Sall-rear
(Table 4). Similarly, to introduce all amino acids at TouA position L192, a 750-bp DNA fragment which
included the Mlul restriction site upstream of codon L192 was amplified using primers ToMO-Kpnl-front
and L192-rear, and a 909-bp DNA fragment which included the Sall restriction site downstream of codon
L192 was amplified using primers L192-front and ToMO-Sall-rear. The two sets of DNA fragments were
combined with the ToMO-Kpnl-front and ToMO-Sall-rear primers to obtain the full-length products
(1,616 bp), and cloning was done using restriction enzymes Mlul and Sall. A total of 500 colonies from
both A107 and L192 libraries were screened on chlorobenzene and 2-CP using a nylon membrane assay
(9) to ensure that all of the 64 possible codons sampled, as described previously (9, 28). Briefly, the vari-
ant libraries were first plated on LB agar plates containing 100 ng/mL kanamycin and 1% glucose. After
overnight growth at 37°C, the colonies were transferred to LB plates containing 100 ng/mL kanamycin
and 1 mM substrate (chlorobenzene or 2-CP) using the nylon membrane. Colonies exhibiting a different
color around their cell mass or a more intense color than that of native TOMO were further evaluated. To
create the TouA A107G/L192V and A107T/L192V double variants, we performed site-directed mutagene-
sis using the TouA L192V variant as a PCR template to add A107G or A107T to TouA. We used a similar
approach as described above using the primers A107G-front and A107G-rear or A107T-front and A107T-
rear (Table 4). Oxidation activity levels and regiospecificities were determined as described previously (9,
16, 17) using reverse-phase high-performance liquid chromatography (HPLC). One milliliter of a
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TABLE 4 Primers used for saturation mutagenesis of TouA A107 and L192, site-directed
mutagenesis of TouA A107G/L192V and A107T/L192V, and sequencing of the A107 and L192
regions of the touA gene in TG1/pBS(Kan)ToMO (9)

Primer

Nucleotide sequence

Mutagenesis

ToMO-Kpnl-front
ToMO-Sall-rear

5'-CCGGCTCGTATGTTGTGTGGAATTGTGAGCGG-3’
5'-CCCACTCATAATCATGAGCGTCG-3’

L192-front 5'-CCGTGGCCGTCTCTATCATGNNNACCTTCGCATTCGAAACAGG-3'
L192-rear 5'-CCTGTTTCGAATGCGAAGGTNNNCATGATAGAGACGGCCACGG-3’
A107-front 5'-CACTTGAAGAATACGCCNNNAGCACTGCTGAAGCCCG-3'
A107-rear 5'-CGGGCTTCAGCAGTGCTNNNGGCGTATTCTTCAAGTG-3’
A107G-front 5'-CTTGAAGAATACGCCGGAAGCACTGCTGAAGCC-3'
A107G-rear 5'-GGCTTCAGCAGTGCTTCCGGCGTATTCTTCAAG-3'
A107T-front 5'-CTTGAAGAATACGCCACAAGCACTGCTGAAGCC-3'
A107T-rear 5'-GGCTTCAGCAGTGCTTGTGGCGTATTCTTCAAG-3’

Sequencing

L192_check_1
L192_check_2
A107_check_1
A107_check_2

5'-GCTGGGTTAGCACTATGCAANNNCACTTCGGAGCGATCGCA-3’
5'-CCGGTGAGTACCGANNNAAGCTTCCAAGATCGCCAGATTGCG-3'
5'-CAATCGCTGCACGGTCTTTCNNNGACGACATGATGATGACC-3’
5'-GCGGCCAAACCGAGAAANNNCATATTGGTGAAGCCTGTTTCG-3’

concentrated exponential-phase cell suspension in Tris-HNO, buffer (50 mM [pH 7.0]) was contacted
with substrates for 5 min to 24 h, and then the supernatant was analyzed by HPLC. An Ascentis C,g col-
umn (25 cm x 4.6 mm, 5 um) (Supelco, Bellefonte, PA) was used with a Shimadzu Prominence solvent
delivery system (LC-20AT) coupled to a UV detector (SPD20A; Shimadzu, Kyoto, Japan) and injected by
an autosampler (SIL-20A, Shimadzu). A gradient elution was performed with H,O and acetonitrile (70:30
for 0 to 8 min, 40:60 for 15 min, 70:30 for 25 min) as the mobile phase at a flow rate of T mL/min. Under
these conditions, the retention times for chlorobenzene, 2-CP, 3-CP, 4-CP, CHQ, 4-CR, 3-CC, and 4-CC
standards were 19.6, 15.3, 16.4, 16.0, 5.9, 8.1, 10.2, and 11.8 min, respectively. Product identifications
were analyzed at 275 nm and 285 nm, confirmed by comparison of retention times and by co-elution
with standards. Experiments were performed with at least three replicates of native enzyme and the
selected variants for each substrate, and at least four injections were made for each substrate. To deter-
mine the kinetic parameters, 4-CC formation was measured at six different time points (2.5, 5, 10, 15, 30,
and 45 min) from five different 4-CP concentrations (0.05, 0.125, 0.25, 0.5, and 1.0 mM). At least three
time points from the linear parts of the curves were used to calculate specific initial product formation
rates. Kinetic constants (apparent v, .., K,) were determined from the specific initial product formation

max’ "‘m:

rates at each concentration using a double reciprocal Lineweaver-Burk plot. DNA sequencing was per-
formed using the dideoxy chain termination method (ElimsBio, Hayward, CA) with the primers listed in
Table 4. Mutations at TouA A107 and L192 were modeled and visualized from the X-ray crystallography
data of ToMO hydroxylase (PDB: 1T0Q) using PyMOL (47) and Swiss-Pdb Viewer (48), as described previ-
ously (15). The surface of cavities (culled) was detected using PyMOL. The selected cavity detection ra-
dius and cutoff values were 3 and 5 solvent radii, respectively. All distance measurements (expressed in
angstroms) and H-bond analyses were done using PyMOL.
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