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Aniline and its derivatives are widely used as inter-

mediates in the pharmaceutical and azo-dye-manufac-

turing industries [1,2], and may be released to the

environment through effluent streams from these

industries [3]. These compounds are highly toxic, and

there have been numerous reports on their carcino-

genic effects [4–9]. Biodegradation is the main route

for removal of aromatic amine pollutants from the

natural environment [10], with hydroxylation of the

aromatic ring constituting the first step of biodegrada-

tion [11]. Thus, an enzyme with the ability to hydroxy-

late a wide range of aniline homologs would be a

practical and valuable biocatalyst for the remediation

of harmful aromatic amine contaminants.

Aniline dioxygenase (AtdA) is a multicomponent

enzyme isolated from Acinetobacter sp. strain YAA,

which carries out the simultaneous deamination and

oxygenation of aniline and 2-methylaniline (2MA) to

produce catechol and 3-methylcatechol, respectively

[12,13]. AtdA is encoded by five genes (atdA1–A5) that

produce four putative components: AtdA1, which is a

glutamine synthetase-like protein; AtdA2, which is a
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Aniline dioxygenase is a multicomponent Rieske nonheme-iron dioxygenase

enzyme isolated from Acinetobacter sp. strain YAA. Saturation mutagen-

esis of the substrate-binding pocket residues, which were identified using a

homology model of the a subunit of the terminal dioxygenase (AtdA3), was

used to probe the molecular determinants of AtdA substrate specificity.

The V205A mutation widened the substrate specificity of aniline dioxy-

genase to include 2-isopropylaniline, for which the wild-type enzyme has

no activity. The V205A mutation also made 2-isopropylaniline a better

substrate for the enzyme than 2,4-dimethylaniline, a native substrate of the

wild-type enzyme. The I248L mutation improved the activity of aniline

dioxygenase against aniline and 2,4-dimethylaniline approximately 1.7-fold

and 2.1-fold, respectively. Thus, it is shown that the a subunit of the ter-

minal dioxygenase indeed plays a part in the substrate specificity as well as

the activity of aniline dioxygenase. Interestingly, the equivalent residues of

V205 and I248 have not been previously reported to influence the substrate

specificity of other Rieske dioxygenases. These results should facilitate

future engineering of the enzyme for bioremediation and industrial applica-

tions.

Abbreviations

AtdA, aniline dioxygenase from Acinetobacter sp. strain YAA; 24DMA, 2,4-dimethylaniline; 34DMA, 3,4-dimethylaniline; 2EA, 2-ethylaniline;

IPTG, isopropyl thio-b-D-galactoside; 2IPA, 2-isopropylaniline; 3IPC, 3-isopropylcatechol; 2MA, 2-methylaniline; NDO, naphthalene

dioxygenase from Pseudomonas sp. strain NCIB 9816-4; 1NDO, crystal structure of naphthalene dioxygenase from Pseudomonas sp. strain

NCIB 9816-4; 2SBA, 2-sec-butylaniline; 2TBA, 2-tert-butylaniline; 1ULJ, crystal structure of biphenyl dioxygenase from Rhodococcus sp.

strain RHA1; 1WQL, crystal structure of cumene dioxygenase from Pseudomonas fluorescens IP01.
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glutamine amidotransferase-like protein; AtdA3 and

AtdA4, which resemble the large (a) and small (b) sub-
units of the terminal class dioxygenase, respectively;

and AtdA5, which is a reductase component [12]. The

putative reaction pathway of the AtdA enzyme is

shown in Fig. 1. It should be noted that the role of

each component is speculative, as there has been no

detailed characterization of the function of each com-

ponent in AtdA, or other closely related aniline dioxy-

genases, such as that from Pseudomonas putida UCC22

(pTDN1) [14]. The lack of characterization of the

structural determinant of the substrate specificity of

the AtdA enzyme has thus limited its development as a

biocatalyst for the bioremediation of a wide range of

aromatic amines.

It has been reported that the substrate specificities

of various dioxygenases, such as the naphthalene,

biphenyl and 2,4-dinitrotoluene dioxygenases, are

determined by their terminal a subunits [15–17].

Mutational studies have been carried out on biphenyl

dioxygenase [18] and naphthalene dioxygenase [19,20].

On the basis of these findings, various directed evolu-

tion and saturation mutagenesis studies on the ter-

minal a subunits have been performed; these have

successfully altered the substrate specificity of these

dioxygenases [21–26]. These results and the findings

of the gene deletion assay in this work indicate the

likelihood that AtdA3 controls the substrate specificity

of AtdA. However, unlike the dioxygenases in the

above-mentioned studies, which only require the a and

b terminal dioxygenase subunits as well as the reduc-

tase component to carry out the benzene ring hydroxy-

lation reactions, AtdA has been reported to require all

four components to display aniline-hydroxylating

activity [27]. To date, it has not been reported which

of the five genes control the substrate specificity of the

AtdA enzyme.

The objective of this study was to identify and probe

the residues determining the activity as well as the sub-

strate specificity of AtdA, using molecular modeling

and saturation mutagenesis of the substrate-binding

pocket residues in AtdA3. The structure–function

relationship elucidated from this work can potentially

be applied to the further engineering of AtdA to widen

its utility as a biocatalyst. A homology model was

built using the crystal structures of naphthalene di-

oxygenase from Pseudomonas sp. strain NCIB 9816-4

(1NDO) [28], biphenyl dioxygenase from Rhodococcus

sp. strain RHA1 (1ULJ) [29] and cumene dioxygenase

from Pseudomonas fluorescens IP01 (1WQL) [30] as

templates. Fourteen residues within 4.5 Å of the sub-

strate, forming the substrate-binding pocket, were

selected for saturation mutagenesis studies. Saturation

mutagenesis of the substrate-binding pocket residues

widened the substrate specificity of AtdA to include

2-isopropylaniline (2IPA), for which the wild-type (WT)

enzyme has no activity. The activities of AtdA with anil-

ine and 2,4-dimethylaniline (24DMA) as substrate were

also improved 1.7-fold and 2.1-fold, respectively.

This is the first study on the molecular determinants

of the substrate specificity of a four-component

dioxygenase, AtdA, and it has shown that the a sub-

unit of the terminal dioxygenase (AtdA3) indeed plays

a role in the substrate specificity of AtdA. Results

from this work will have important implications for

the engineering of aniline dioxygenases for the deami-

nation of aromatic amines, bioremediation, and other

industrial applications.

Results

Substrate specificity of AtdA

As the substrate range of AtdA had not been exten-

sively characterized, it was necessary to determine this

property before probing the molecular determinants of

the enzyme’s substrate specificity. To determine the

substrate specificity of the WT AtdA, Escherichia coli

JM109 expressing the WT enzyme was incubated indi-

vidually with a series of ortho-substituted anilines with

progressively larger alkyl side chains, namely, aniline,

2MA, 2-ethylaniline (2EA), 2IPA, 2-sec-butylaniline

(2SBA), and 2-tert-butylaniline (2TBA), as well as two

xylidine substrates, 24DMA and 3,4-dimethylaniline

Fig. 1. Putative aniline dioxygenation pathway of AtdA. Oxygen atoms are incorporated by AtdA into the 1 and 2 positions of the aniline aro-

matic ring to form a diol, and the amino group then leaves the ring spontaneously, or with the aid of AtdA1 and AtdA2, as suggested by

Takeo et al. 1998 [12].
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(34DMA), as shown in Fig. 2. Dihydroxylation of a

particular substrate by the enzyme produces its corres-

ponding catechol, which undergoes auto-oxidation to

form colored compounds, indicating activity against

that substrate [22,27,31,32].

Among the ortho-substituted substrates, the WT

AtdA showed activity for aniline, 2MA, and 2EA.

However, the enzyme was inactive against substrates

with an ortho side chain larger than an ethyl group

(2IPA, 2SBA and 2TBA). As 2EA and 2IPA differ

only by a single methyl group on the ortho side chain,

the substrate specificity of the enzyme is most probably

controlled by steric hindrance of the ortho side chain

along the substrate channel or in the substrate-binding

pocket. Among the xylidine substrates, 24DMA was

accepted as a substrate, but the change of the position

of a methyl group from ortho (24DMA) to meta

(34DMA) rendered the substrate unacceptable to the

enzyme. This may indicate that the steric limitation of

the enzyme’s binding pocket takes place in the area

between the ortho and para positions of the aromatic

substrate.

On the basis of these results, aniline and 24DMA

were chosen as target substrates to probe for residues

determining the activity of AtdA3, whereas 2IPA and

2SBA were chosen as target substrates to probe for

residues controlling the substrate specificity of the

enzyme.

Gene deletion assay

To narrow the range of candidates for saturation mut-

agenesis studies, a gene deletion assay was carried out

to identify the subunit(s) critical for AtdA activity.

The atdA1, atdA2 and atdA3 genes were targeted in

this assay. The AtdA4 subunit, which is homologous

to the b subunit of a terminal Rieske dioxygenase, was

not targeted because the a subunit of the Rieske

dioxygenase is generally regarded as the main contri-

butor to substrate specificity [17,33,34]. The atdA5

gene encodes a reductase that is involved in cofactor

regeneration in the dihydroxylation reaction, and not

in the direct binding of the substrate. Hence, it was

not targeted in the gene deletion assay.

The atdA genes were first cloned into expression

vectors as described in Experimental procedures.

E. coli BL21(DE3) cells harboring the various plasmid

combinations described in Table 1 were then tested

for activity against 2MA. In the absence of the atdA1

or atdA3 gene, no activity against 2MA was detected.

On the other hand, 2MA activity was detected in an

E. coli BL21(DE3) cell line in which atdA2 was dele-

ted (Table 1). Hence, AtdA1 and AtdA3 are critical

for the activity of the enzyme and provide good start-

ing points for the study of the molecular determi-

nants of the substrate specificity and activity of

AtdA.

Fig. 2. Ortho-substituted aniline and xylidine substrates used to determine the substrate specificity of AtdA.

Substrate specificity of aniline dioxygenase E. L. Ang et al.
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On the basis of the results of this assay and muta-

tional studies on the a subunits of other dioxygenases

[18–26], the AtdA3 subunit was first targeted for satur-

ation mutagenesis studies to probe for the molecular

determinants of the enzyme’s substrate specificity and

activity. It should be noted that this assay was inten-

ded to aid in determining which AtdA subunit would

be studied first, and the possibility that the other

subunits may play a part in substrate specificity and

activity should not be ruled out. In order to study the

AtdA3 subunit, we started from residues in direct

contact with the substrate ) the substrate-binding

pocket residues.

Identification of substrate-binding pocket

residues

To identify the substrate-binding pocket of AtdA3, the

largest substrate accepted by the WT AtdA, 2EA, was

docked into the AtdA3 homology model. The approxi-

mate initial position of the substrate was determined

on the basis of the possible binding sites identified by

the Site Finder function in moe, as well as the relative

position of the indole substrate in the crystal structure

of naphthalene dioxygenase from Pseudomonas sp.

strain NCIB 9816-4 (NDO) (Protein Data Bank

accession code 1O7N). Eighteen residues within the

van der Waals contact distance (4.5 Å) of the substrate

were identified as substrate-binding pocket residues

(Fig. 3A). These residues are N198, D201, G202,

H204, V205, H209, L213, I248, Q250, K256, E257,

W260, A293, G294, N296, L304, F348, and D356.

Saturation mutagenesis

From the sequence alignment of AtdA3 with NDO

[35], biphenyl dioxygenase [29], and cumene dioxyge-

nase [30], residues H204, H209 and D356 correspond

to the catalytic facial triad that coordinates the mono-

nuclear iron in the active site (H208, H213 and D362

of NDO), whereas D201 corresponds to D205 of

NDO, which plays a critical role in electron transfer

between the Rieske [2Fe)2S] center of one a subunit

and mononuclear iron in the adjacent a subunit [36].

Hence, these four critical residues were not subjected

to saturation mutagenesis. The remaining 14 sites were

mutagenized individually using the NNS codon (where

N denotes A, T, G or C, and S denotes G or C),

resulting in 32 possible codon combinations for each

site encoding all possible 20 amino acids. One hundred

and eighty-six clones were screened in two 96-well

microplates per site, ensuring comprehensive coverage

of all possible 19 mutations at each site, with three

WT clones as control in each plate. Random clones

were sequenced to ensure that the corresponding

codons were successfully randomized, and none had

the parental sequence.

Each library was screened using the Gibbs’ reagent

screening method adapted from Sakamoto et al. [26],

with modifications as elaborated in Experimental pro-

cedures. Mutants were selected on the basis of

improved activity against compounds that are sub-

strates of the WT enzyme (aniline and 24DMA), or

novel activity against the substrates 2IPA and 2SBA.

From the V205 saturation mutagenesis library, sev-

eral mutants with novel activity against 2IPA, a sub-

strate not accepted by the WT enzyme, were found.

DNA sequencing of these mutants revealed that all

had the V205A mutation. The mutagenesis library of

I248 yielded two mutants with improved aniline and

24DMA activity. Both mutants had the I248L muta-

tion.

In studies on various other dioxygenases, the muta-

genesis of the residue corresponding to F348 of AtdA3

(F352 of NDO) significantly altered the activity or the

substrate specificity of the dioxygenase [19,20,24,37–

39]. However, mutation of residue F348 critically

impaired the activity of the enzyme in this case. From

the saturation mutagenesis library of residue 348, only

five active mutants were found, three of which had the

parent residue, phenylalanine, at position 348. These

residues were encoded by codon TTC instead of the

parental codon TTT. The other two active mutants

were valine and tryptophan mutants, neither of which

had improved activity against aniline or 24DMA, or

novel activity against 2IPA or 2SBA.

SDS ⁄ PAGE analysis

Expression levels of AtdA in the V205A and I248L

mutants were compared to that of the WT enzyme

using SDS ⁄ PAGE. Visual inspection of the SDS ⁄
PAGE gel showed no observable difference between the

concentrations of the AtdA1 (56.8 kDa), AtdA2 (28.5),

AtdA3 (50.3 kDa), AtdA4 (24.0 kDa) and AtdA5

(37.2 kDa) subunits in the mutants as compared to their

Table 1. Results of the gene deletion assay, together with the plas-

mids used for each gene deletion construct.

Gene deleted

Plasmids transformed into

E. coli BL21(DE3)

Activity

against 2MA

atdA1 pACYC A2 and pET A3A4A5 –

atdA2 pACYC A1 and pET A3A4A5 +

atdA3 pACYC A1A2 and pET A4A5 –

Control (no deletion) pACYC A1A2 and pET A3A4A5 +

E. L. Ang et al. Substrate specificity of aniline dioxygenase
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corresponding subunits in the WT enzyme (supplement-

ary Fig. S1). Thus, the changes in activity and specificity

of the mutants did not result from altered expression.

Whole-cell activity against 2IPA

The positive mutants of each library were character-

ized using the whole-cell activity assay as described

in Experimental procedures. The V205A mutation

introduced a novel activity to the AtdA enzyme,

enabling E. coli whole cells expressing the mutant

to convert 2IPA at a rate of 1.1 nmolÆmin)1Æmg)1

protein to form 3-isopropylcatechol (3IPC) as the

only product (Table 2). The identity of 3IPC was

confirmed by comparing its HPLC retention time

with that of the authentic standard, as well as by

coelution with the authentic standard, and LC-MS

analysis (m ⁄ z ¼ 151). In contrast, the 2IPA-dihyd-

roxylation activity was not detected at all in the WT

enzyme or the I248L mutant. The V205A mutation

also made the enzyme a better catalyst for the con-

version of 2IPA, a substrate not accepted by the

WT enzyme, than for 24DMA, a substrate accepted

by the WT enzyme.

Whole-cell activity against aniline and 24DMA

The rate of catechol formation from aniline by whole

cells expressing the I248L mutant was 45.3 nmolÆ
min)1Æmg)1 protein, a 1.7-fold enhancement over the

WT enzyme, whereas that of the V205A mutant was

reduced to 3.1 nmolÆmin)1Æmg)1 protein (Table 2). For

both these mutants, as well as the WT enzyme, the

only product formed was catechol, as confirmed by

HPLC coelution with the authentic catechol standard

and LC-MS analysis (m ⁄ z ¼ 109).

The 24DMA conversion rate of the I248L mutant

was enhanced 2.1-fold over that of the WT enzyme,

to 5.9 nmolÆmin)1Æmg)1 protein. On the other hand,

the 24DMA activity of the V205A mutant was

reduced to 0.1 nmolÆmin)1Æmg)1 protein (Table 2).

The 24DMA conversion products from the I248L,

V205A and WT enzymes had the same HPLC elution

time, and all had a molecular ion at m ⁄ z ¼ 137, cor-

responding to that of a dimethylcatechol, when ana-

lyzed with LC-MS. However, as there was no

authentic standard, the product of 24DMA conver-

sion by the WT enzyme was purified and further ana-

lyzed using 1H-NMR. The two methyl groups were

detected at d 2.20 (s) and d 2.21 (s), the two aromatic

protons at d 7.26 (s), and the two hydroxyl groups at

d 6.51 (s) and d 6.54 (s), confirming the product to be

3,5-dimethylcatechol. Thus, the regiospecificity of the

enzyme was not altered by the I248L or V205A

mutations, as the only product from 24DMA conver-

sion was 3,5-dimethylcatechol.

Discussion

This is the first study on the molecular determinants

for substrate specificity of a four-component Rieske

dioxygenase, AtdA. In this study, we constructed a

homology model to identify the residues defining the

substrate-binding pocket of the a subunit, AtdA3, and

applied saturation mutagenesis to these residues to

probe the molecular determinants of the activity and

specificity of the enzyme. We have clearly shown that

the substrate specificity of AtdA can indeed be

controlled by the AtdA3 subunit. The V205A mutation

enables the enzyme to dihydroxylate 2IPA, a substrate

not accepted by the WT enzyme, and the I248L muta-

tion enhances the activity of the enzyme against aniline

and 24DMA, a carcinogenic pollutant for which no

enzyme directly responsible for its biodegradation has

been identified to date.

Interestingly, residues V205 and I248 have not

been previously reported to influence the substrate

specificity of a Rieske dioxygenase. The V205 residue

corresponds to V209 in NDO [35], V207 of naphtha-

lene dioxygenase from Ralstonia sp. strain U2

(NagAc) [40], A223 of toluene-2,3-dioxygenase

(TodC1) [41], and A234 of biphenyl dioxygenases

from Burkholderia xenovorans LB400 and P. pseudo-

alcaligenes KF707 [42,43].

Table 2. Conversion rate of 2-isopropylalinine (2IPA), aniline and 2,4-dimethylalanine (24DMA) by E. coli JM109 expressing the wild-type

AtdA enzyme and the V205A and I248L mutants.

AtdA3

2IPA Aniline 24DMA

Rate

(nmolÆmin)1Æmg)1 protein)

Relative

rate

Rate

(nmolÆmin)1Æmg)1 protein)

Relative

rate

Rate

(nmolÆmin)1Æmg)1 protein)

Relative

rate

WT 0 – 26.0 ± 0.20 1.00 2.8 ± 0.1 1.00

V205A 1.1 ± 0.2 1 3.1 ± 0.10 0.12 0.1 ± 0.02 0.03

I248L 0 – 45.3 ± 7.20 1.74 5.9 ± 0.01 2.10

Substrate specificity of aniline dioxygenase E. L. Ang et al.
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On the basis of the homology model of AtdA3, resi-

due V205 resides in the deepest and narrowest end of

the substrate-binding pocket, and is found next to the

facial triad of H204, H209 and D356, which coordi-

nates the catalytic mononuclear iron. From the dock-

ing of 2IPA into the V205A mutant binding pocket, it

was found that the isopropyl side chain of 2IPA comes

within 4.25 Å of the A205 side chain (Fig. 3B). In con-

trast, if 2IPA were to assume this position in the bind-

ing pocket of the WT enzyme, the side chain of V205

would come within 2.74 Å of the isopropyl side chain

of 2IPA (Fig. 3C). This could result in a steric clash

that forces the substrate away from the active site iron,

and prevents the substrate from coming into contact

with the activated oxygen molecule bound to the cata-

lytic iron, possibly explaining the lack of activity of

the WT enzyme against 2IPA. Removal of the methyl

groups from residue 205 via a valine to alanine muta-

tion removes the steric hindrance and allows the

approach of 2IPA towards the catalytic iron.

Residue I248 lies at the entrance of the substrate-

binding pocket of the enzyme, leading to the substrate

channel. Mutation from isoleucine to leucine results in

a larger entrance to the substrate-binding pocket

(Fig. 3D,E). This may allow for easier entry and exit

of substrate and product molecules, explaining the

A

B

D E

C

Fig. 3. (A) The homology model of the

AtdA3, with the substrate binding pocket

residues highlighted in red and the docked

substrate 2EA in gray. (B,C) The position of

the substrate, 2IPA, relative to residue 205

in the substrate binding pocket of the

V205A mutant (B) and WT AtdA3 (C). Also

shown are the mononuclear iron (brown

sphere) and the catalytic facial triad of

H204, H209 and D356. (D,E) Molecular sur-

faces of the substrate channel leading to

the binding pocket of the WT AtdA3 (D) and

the mutant I248L (E). The substrate posi-

tions are simulated using the docking

function in the MOE software. Figures were

generated using the PYMOL software

(De Lano Scientific LLC, South San

Francisco, CA).
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increase in activity of the enzyme for all the substrates

screened.

Although it has been shown in this work that AtdA3

controls the substrate specificity of AtdA, we have yet

to explore the AtdA1 and AtdA2 components. AtdA1

has 25.8% homology to glutamine synthetases from

Salmonella typhimurium [44], and the important ATP-

binding motif and the tyrosine 426 corresponding to

the adenylylation site in glutamine synthetases are well

conserved. AtdA1 also has 62.1% protein sequence

identity with TdnQ of the aniline dioxygenase from

P. putida UCC22. It was reported that E. coli cells

expressing TdnQ had no glutamine synthetase activity

[14], suggesting that AtdA1 is unlikely to be involved

in the recovery of nitrogen for biosynthesis reactions.

AtdA2 exhibits homology to the class I glutamine

amidotransferase domain in GMP synthetase [45]. It

has been postulated that, as glutamine synthetase and

glutamine amidotransferase are involved in the addi-

tion of an amino group to glutamate and its release

from glutamine, respectively, AtdA1 and AtdA2 may

be involved in the recognition and release of aniline

amino groups [12]. Hence, a similar engineering

approach with AtdA1 and AtdA2 may offer useful

insights into the substrate specificity and activity of the

enzyme.

In summary, we have shown, by saturation muta-

genesis of the subunit’s substrate-binding pocket resi-

dues, that the substrate specificity as well as the

activity of the four-component Rieske dioxygenase,

AtdA, can be controlled by the a subunit of the ter-

minal dioxygenase, AtdA3. We found that the V205A

mutation had the greatest effect on the substrate spe-

cificity of the enzyme, as the mutant was able to dihy-

droxlate 2IPA, a substrate previously not accepted by

the WT enzyme, whereas residue I248 plays a role in

the activity of the enzyme. Although the V205A muta-

tion caused the loss of activity against aniline and

24DMA, the primary goal of this work, which was to

probe the molecular determinants of AtdA, was

achieved. This finding should facilitate future engineer-

ing of the enzyme for bioremediation and industrial

applications, using methods such as random mutagen-

esis or DNA shuffling.

Experimental procedures

Materials

Aniline, 24DMA, 34DMA, 2MA, 2EA, 2IPA, 2SBA,

2TBA, catechol, isopropyl-b-d-thiogalactoside (IPTG),

dimethylformamide, ampicillin and all other chemicals were

purchased from Sigma (St Louis, MO) unless otherwise

stated. 3IPC was purchased from Chem Service (West

Chester, PA). Gibbs’ reagent was purchased from MP Bio-

medicals (Solon, OH). The Quikchange XL Site Directed

Mutagenesis kit and Pfu Turbo DNA polymerase were pur-

chased from Stratagene (La Jolla, CA). Primers were pur-

chased from Integrated DNA Technologies (Coralville, IA)

and 1st Base (Singapore). PCR-grade deoxynucleotide

triphosphates (dNTP) were obtained from Roche Applied

Sciences (Indianapolis, IN). All DNA-modifying enzymes

were purchased from New England Biolabs (Beverly, MA).

All DNA gel purifications were carried out using the QI-

AEX II gel purification kit from Qiagen (Valencia, CA).

All plasmid isolations were performed using the QIAprep

Miniprep kit from Qiagen.

Escherichia coli JM109 and BL21(DE3) were purchased

from Novagen (Madison, WI), and chemically competent

E. coli DH5a was purchased from the Cell Media Facility

at the University of Illinois (Urbana, IL). The pTrc99A

plasmid was obtained from Amersham Pharmacia (Piscata-

way, NJ). The pACYCDuet-1 and pETDuet-1 plasmids

were obtained from Novagen. The pAS91 and pAS93 plas-

mids, both containing the AtdA gene cluster, were kindly

provided by M Takeo from the Department of Applied

Chemistry, Himeiji Institute of Technology, Hyogo, Japan.

Plasmid construction

The sequences of all primers used in the construction of

plasmids are given in supplementary Table S1. From plas-

mid pAS91, the gene segment containing atdA1A2 was

amplified using primers pTrcA1 F and pTrcA2 RII, the

atdA3 gene was amplified using primers pTrcA3 FII and

pTrcA3 RII, and the gene segment containing atdA4A5 was

amplified using primers pTrcA4 FII and pTrcA5 RII. The

PCR products were gel purified using a QIAEX II gel puri-

fication kit, and treated with the restriction enzyme DpnI to

remove any residual methylated template from the pro-

ducts. Overlap extension PCR was used to join the three

fragments together. The overlap extension PCR reaction

mix consisted of 85 ng of atdA1A2, 50 ng of atdA3, 60 ng

of atdA4A5, 2 lL of 10· Pfu buffer, 2 lL of 10· dNTP

(mixture of dATP, dTTP, dGTP, and dCTP, each at a con-

centration of 100 mm), 2 U of Pfu Turbo DNA polym-

erase, and water to a final volume of 20 lL. The PCR

program consisted of 94 �C for 2 min, 10 cycles of 94 �C
for 1 min, 55 �C for 1.5 min, and 72 �C for 6 min, and a

final extension for 10 min at 72 �C. The reconstituted atdA

operon was gel purified, digested with SalI restriction

enzyme, and ligated into pTrc99A using T4 DNA ligase.

Subsequently, the EcoRI restriction site on atdA2 was

removed by introducing silent mutations to the GAATTC

recognition site (521–526 bp), changing it to GTATCC.

The Quikchange XL Site Directed Mutagenesis kit was

used for introduction of this mutation, according to the

PCR and transformation protocol recommended in the
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manual. The resulting plasmid, pTA2-3, was used for all

assays in this work except the gene deletion studies.

To construct the plasmids for the gene deletion assay, the

atdA1 gene was amplified using the A1_EcoRI_F and

A1_SalI_R primers. The atdA2 gene was amplified using the

A2_FseI_F and A2_AvrII_R primers. The atdA3 gene was

amplified using the A3_EcoRI_F and A3_SalI_R primers.

The atdA4A5 gene was amplified using the A4_FseI_F and

A5_AvrII_R primers. The PCR reaction mix for each gene

consisted of 150 ng of the pTA2-3 template, 50 pmol each

of the forward and reverse primers, 10 lL of 10· Taq

polymerase buffer, 6 lL of 25 mm MgCl2, 10 lL of 10·
dNTP, 1.25 U each of Taq DNA polymerase and Pfu Turbo

DNA polymerase, and water to a final volume of 100 lL.
The PCR program consisted of 94 �C for 3 min, 25 cycles

of 94 �C for 45 s, 50 �C for 45 s, and 72 �C for 2 min, and

a final extension of 7 min at 72 �C. The PCR products were

then gel purified. The atdA1 and atdA3 PCR products were

digested with EcoRI and SalI, and the atdA2 and atdA4A5

PCR products were digested with FseI and AvrII.

To construct plasmid pACYC A1, the pACYCDuet-1

plasmid was digested with EcoRI and SalI, gel purified, and

ligated with the digested atdA1 PCR product. To construct

pACYC A2, the pACYCDuet-1 plasmid was digested with

FseI and AvrII, gel purified, and ligated with the digested

atdA2 PCR product. To construct pACYC A1A2, the

pACYC A2 plasmid was digested with EcoRI and SalI, gel

purified, and ligated with the digested atdA1 PCR product.

To construct plasmid pET A4A5, the pETDuet-1 plasmid

was digested with FseI and AvrII, gel purified, and ligated

with the digested atdA4A5 PCR product. To construct

plasmid pET A3A4A5, the pETA4A5 plasmid was digested

with EcoI and SalI, gel purified, and ligated with the digested

atdA3 PCR product. All ligations were carried out overnight

at 16 �C using the T4 DNA ligase. The salts from the ligation

reactions were then removed by precipitating the ligated

DNA with n-butanol [46]. The ligation products were then

transformed into E. coli BL21(DE3) by electroporation. The

various plasmids were then rescued and retransformed

into E. coli BL21(DE3) according to Table 1.

Substrate specificity assay

Escherichia coli JM109 cells expressing AtdA were inocula-

ted into 5 mL of LB medium with ampicillin (100 mgÆL)1)

and grown overnight in a 37 �C shaker at 250 r.p.m. Subse-

quently, 0.3 mL of the overnight culture was inoculated

into 3 mL of M9 minimal medium [47] with 100 mgÆL)1

ampicillin and 1 mm IPTG, and incubated in a 30 �C
shaker for 4 h at 250 r.p.m. to induce protein expression.

Aniline or its analog substrates were then added to each

tube to a final concentration of 1 mm, and the culture was

incubated for 1 day in a 30 �C shaker at 250 r.p.m. The

culture was then observed for formation of colored oxida-

tion products of catechols.

Gene deletion assay

Escherichia coli BL21(DE3) colonies harboring the various

gene deletion constructs were picked into separate culture

tubes with 3 mL of LB medium containing 100 mgÆL)1

ampicillin and 35 mgÆL)1 chloramphenicol, and were

grown overnight in a 37 �C shaker at 250 r.p.m. Fifty

microliters of each of the overnight cultures was inocula-

ted into 5 mL of LB medium with the same antibiotic

composition and grown in a 37 �C shaker at 250 r.p.m.

At an optical density (A600) of � 0.5–0.6, IPTG was added

to each culture to a final concentration of 1 mm, and the

cultures were then incubated for 3 h in a 30 �C shaker at

250 r.p.m.

The cultures were harvested by centrifugation at 6000 g

for 10 min using the Hettich Universal 32R centrifuge

with a 1620A rotor (Tuttlingen, Germany). The super-

natant was discarded, and the cell pellets were gently

resuspended with 5 mL of M9 minimal medium with

100 mgÆL)1 ampicillin, 35 mgÆL)1 chloramphenicol and

1 mm IPTG. 2MA was then added to each culture to a

final concentration of 2 mm, and the cultures were incu-

bated in a 30 �C shaker at 250 r.p.m. for 24 h. The

cultures were constantly monitored for the formation of

auto-oxidation products.

Homology modeling

A homology model of AtdA3 was constructed using

insight ii software (insight ii, version 2000; Accelrys

Inc., San Diego, CA). The crystal structures of naph-

thalene dioxygenase (1NDO) [28], biphenyl dioxygenase

(1ULJ) [29], and cumene dioxygenase (1WQL) [30] were

used as templates. The sequence of AtdA3 was aligned

with those of 1NDO, 1ULJ and 1WQL using clustalw

(http://workbench.sdsc.edu/), and was adjusted to ensure

that critical residues, such as the catalytic iron coordina-

ting the facial triad of AtdA3 (H204, H209, and D356),

were aligned with critical residues of NDO (H208, H213,

and D362). Gaps in regions of secondary structures were

avoided when the sequences were aligned. Three loop

optimization models were generated for each model con-

structed with insight ii. All the models were checked

with the Prostat and Profiles-3D functions in insight ii.

The model with the highest overall score was chosen. The

substrates were docked in the homology models of the

WT AtdA3 and the mutants V205A and I248L, using

moe software (Chemical Computing Group Inc., Mon-

treal, Canada). Mutations were introduced into the

AtdA3 model using the Rotamer Explorer function, and

the rotamer with the lowest free energy was chosen. Each

docking run consisted of 25 independent docks with six

iteration cycles, and a random start was used to generate

substrate positions within the docking box. From the

results, the substrate orientation that gave the lowest
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interaction energy was chosen for another round of dock-

ing. A nonrandom start was used in this case. This

process was repeated two times or until there was no

significant decrease in the interaction energy of the sub-

strate. The Conolly surface of the substrate-binding

pocket was generated using the Molecular Surface func-

tion in moe.

Saturation mutagenesis

A saturation mutagenesis library at each binding pocket

residue was created using the Quikchange XL Site Directed

Mutagenesis kit, with plasmid pTA2-3 as the template. The

primers listed in supplementary Table S2, together with

their complements, were used in the saturation mutagenesis

PCR. The PCR and transformation protocol recommended

in the manual were used. Transformants were plated on LB

agar plates containing 100 mgÆL)1 ampicillin and incubated

overnight in 37 �C.

Screening method

The screening method was adapted from Sakamoto et al.

[26], with modifications. Each colony of a library was

picked into 200 lL of LB medium containing ampicillin

(100 mgÆL)1) in separate wells of a 96-well microplate.

One hundred and eighty-six clones were picked for each

target residue, with three WT clones being included as

positive controls in each plate. The plates were incubated

overnight at 37 �C with shaking at 250 r.p.m. Ten micro-

liters of the overnight culture was inoculated into new

wells containing 90 lL of M9 minimal medium supple-

mented with 5 lm FeSO4, 100 mgÆL)1 ampicillin and

1 mm IPTG. Five replicates of each plate were made.

The plates were incubated at 30 �C with shaking at

250 r.p.m. for 4 h. Then, 100 lL of M9 medium with

5 lm FeSO4, 100 mgÆL)1 ampicillin, 1 mm IPTG and

2 mm substrate was added to each well of a plate. A dif-

ferent substrate was added to each plate. The substrates

were aniline, 24DMA, 2IPA, 34DMA, and 2SBA. The

plates were then incubated at 30 �C with shaking at

250 r.p.m. for 45 min for aniline and for 4 h for the

other substrates. The absorbance at 595 nm was meas-

ured after incubation. For aniline, 2IPA and 2SBA,

75 lL of 0.2 m HCl was first added to each well, and

then 10 lL of 0.32% (w ⁄ v) Gibbs’ reagent in ethanol;

the absorbance at 560 nm was measured after 30–50 min.

For 24DMA, 10 lL of 0.32% Gibbs’ reagent was added

directly, and the absorbance at 620 nm was measured

after 5min. The activity of each mutant, as indicated by

the absorbance at 560 nm or 620 nm, was then normal-

ized to its cell density (D595). Positive mutants from each

screen were subjected to a second screen carried out in

larger volumes, using culture tubes instead of 96-well

microplates.

Whole-cell activity assay

An overnight LB culture of JM109 with WT or mutant plas-

mid was inoculated into 150 mL of LB medium to an D600 of

0.02, and incubated in a 37 �C shaker at 250 r.p.m. When the

D600 reached 0.50–0.55, IPTG was added to a final concen-

tration of 1 mm. The culture was then incubated in a 30 �C
shaker at 250 r.p.m. for 3 h. The induced culture was then

centrifuged at 4000 g for 10 min using the Beckman J2-21M

centrifuge with a JA14 rotor (Fullerton, CA). The super-

natant was discarded, and the cell pellet was resuspended in

150 mL of modified M9 buffer (M9 minimal medium with

0.1% glucose). The resuspended cells were centrifuged using

the same conditions. The supernatant was discarded, and the

cell pellet was resuspended in modified M9 buffer to a final

D600 of about 10. Then, 5 mL of the resuspended cells was

aliquoted into a 50 mL centrifuge tube, and 5 lL of 1 m

substrate dissolved in dimethylformamide was added to a

final concentration of 1 mm. The cells were then incubated

at 30 �C with shaking at 250 r.p.m. Samples (0.5 mL) were

taken at various time points. The samples were centrifuged

at 16 000 g in a benchtop centrifuge (Denville Scientific

260D, Metuchen, NJ) for 3 min, and the supernatant was

stored at ) 20 �C until ready for analysis.

The substrate and products were separated and quanti-

fied using HPLC with a 250 · 4.60 mm Synergi 4 l Polar-

RP 80 A column from Phenomenex (Torrance, CA). All

HPLC methods used were isocratic, with a flow rate of

1 mLÆmin)1. Aniline was analyzed using 90% potassium

phosphate (pH 7.0) and 10% acetonitrile as mobile phase.

2IPA was analyzed using 60% potassium phosphate

(pH 7.0) and 40% acetonitrile as mobile phase. 24DMA

was analyzed using 70% potassium phosphate (pH 7.0) and

30% acetonitrile as mobile phase.

For each culture, 1 mL of the resuspended cells was cen-

trifuged at 6000 g in a benchtop centrifuge (Denville Scien-

tific 260D) for 3 min, and the supernatant was discarded.

The cell pellet was resuspended in 50 mm Tris ⁄ HCl

(pH 7.5), and disrupted by a single pass through the Con-

stant Systems Cell Disruptor (Warwick, UK) at 20.3 kpsi.

The disrupted cells were centrifuged at 16 000 g in a bench-

top centrifuge (Denville Scientific 260D) for 5 min, and the

supernatant was assayed for protein concentration using

the BCA Protein Assay kit from Pierce (Rockford, IL). The

whole-cell activity was calculated by normalizing the initial

rate of substrate conversion or product formation to the

protein concentration.

Identification of products

Escherichia coli JM109 cells with WT or mutant plasmid

were grown, induced, washed and resuspended in modified

M9 medium, as described for the whole-cell activity assay.

Substrate was added to a final concentration of 1 mm to

40 mL of the resuspended cells, and the resting cell culture
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was incubated at 30 �C for 3 h in a shaking incubator at

250 r.p.m. The culture was then centrifuged at 6000 g for

10 min (Beckman J2-21M centrifuge with a JA14 rotor),

and the supernatant was extracted with ethyl acetate. The

ethyl acetate was then evaporated with a rotary evaporator

under vacuum at 40 �C, and the residue was dissolved in

5 mL of methanol. The sample was then analyzed by LC-

MS with an Agilent series 1100 HPLC (Agilent Technol-

ogies, Palo Alto, CA) coupled to an Applied Biosystems

4000 Q-Trap mass spectrometer. Separation was achieved

with the 250 · 4.60 mm Synergi 4 l Polar-RP 80 A column

from Phenomenex. Isocratic methods with a flow rate of

0.4 mLÆmin)1 were used for all analyses. The aniline con-

version product was analyzed using 60% 20 mm ammo-

nium acetate (pH 5.4) and 40% acetonitrile as mobile

phase. The 2IPA conversion product was analyzed using

50% 20 mm ammonium acetate (pH 5.4) and 50% acetonit-

rile as mobile phase. The 24DMA conversion product was

analyzed using 40% 20 mm ammonium acetate (pH 5.4)

and 60% acetonitrile as mobile phase. Negative ESI mode

with declustering potential and collision energies of ) 70 eV

and ) 20 eV, respectively, was employed.

For 1H-NMR analysis of the product of 24DMA con-

version, the above assay was repeated using 200 mL of

resuspended cells. After the extraction and evaporation

of ethyl acetate, the sample was dissolved in a mixture of

95% chloroform and 5% methanol. The 24DMA dihydro-

xylation product was then purified using silica gel chroma-

tography, with a mixture of 95% chloroform and 5%

methanol as the mobile phase. The fraction containing the

product was collected and dried with a rotary evaporator

under vacuum at 40 �C. The sample was dissolved in

CDCl3 and analyzed by 500 MHz 1H-NMR (Bruker

AMX500, Billerica, MA) using tetramethylsilane as internal

standard.
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online:

Table S1. Primers used in the cloning of the atdA1–

A5 gene. Underlined bases represent the respective

restriction sites.

Table S2. Primers used in saturation mutagenesis.

Underlined bases represent the randomized codon,

where N ¼ G, C, A or T, and S ¼ G or C.

Fig. S1. SDS ⁄ PAGE of the soluble fraction (A) and

total fraction (B) of E. coli JM109 expressing the WT,

V205A mutant and I248L mutant AtdA.

This material is available as part of the online article

from http://www.blackwell-synergy.com
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