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Phthalate, a plasticizer, endocrine disruptor, and potential
carcinogen, is degraded by a variety of bacteria. This degra-
dation is initiated by phthalate dioxygenase (PDO), a Rieske
oxygenase (RO) that catalyzes the dihydroxylation of phthalate
to a dihydrodiol. PDO has long served as a model for under-
standing ROs despite a lack of structural data. Here we purified
PDOKF1 from Comamonas testosteroni KF1 and found that it
had an apparent kcat/Km for phthalate of 0.58 ± 0.09 μM−1s−1,
over 25-fold greater than for terephthalate. The crystal struc-
ture of the enzyme at 2.1 Å resolution revealed that it is a
hexamer comprising two stacked α3 trimers, a configuration
not previously observed in RO crystal structures. We show that
within each trimer, the protomers adopt a head-to-tail
configuration typical of ROs. The stacking of the trimers is
stabilized by two extended helices, which make the catalytic
domain of PDOKF1 larger than that of other characterized ROs.
Complexes of PDOKF1 with phthalate and terephthalate
revealed that Arg207 and Arg244, two residues on one face of
the active site, position these substrates for regiospecific
hydroxylation. Consistent with their roles as determinants of
substrate specificity, substitution of either residue with alanine
yielded variants that did not detectably turnover phthalate.
Together, these results provide critical insights into a
pollutant-degrading enzyme that has served as a paradigm for
ROs and facilitate the engineering of this enzyme for biore-
mediation and biocatalytic applications.

Phthalate is an endocrine-disrupting pollutant and potential
carcinogen that is extensively used as a plasticizer in a wide range
of consumer products, including plastics, medicines, and cos-
metics (1–3). As phthalate is not covalently bound in these ma-
terials, it readily leaches into the environment, potentially
exposing humans and other organisms to its detrimental health
effects through inhalation, ingestion, and absorption (2). Phtha-
late is also amajor catabolic intermediate in the biodegradation of
phthalate esters and some polycyclic aromatic hydrocarbons,
such as fluoranthene, fluorene, and phenanthrene (4).

A wide range of bacterial strains are able to grow on
phthalate, including proteobacteria such as Burkholderia
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cepacia DB01 (5, 6) and Comamonas testosteroni (7), and
actinobacteria such as Rhodococcus jostii RHA1 (8) and
Arthrobacter keyseri 12B (9). In these strains, the first step in
phthalate catabolism is dihydroxylation of the aromatic diacid
catalyzed by the phthalate dioxygenase (PDO). PDODB01

from B. cepacia DB01 and PDOKF1 of C. testosteroni KF1
catalyze the dihydroxylation of phthalate to cis-4,5-dihydrodiol
phthalate (DHP) (6) (Fig. 1A). This differs from the reaction
catalyzed by the actinobacterial PDOs, which is 3,4-
dihydroxylation (9). Nevertheless, in both cases, the dihy-
drodiol is eventually converted to protocatechuate and
ultimately leads to the formation of tricarboxylic acid (TCA)
cycle intermediates for energy and biomass (6). Moreover,
both classes of PDOs are Rieske oxygenases (RO).

ROs are a family of enzymes best known for catalyzing the
NAD(P)H-dependent dihydroxylation of aromatic compounds
pollutants (10, 11). However, they catalyze a range of oxidation
chemistries and have been the focus of extensive investigation,
in part because of their potential use in bioremediation and
biocatalysis (12, 13). RO systems comprise two or three
components: an oxygenase and a reductase that transfers
electrons from NAD(P)H to the oxygenase, either directly or
via a ferredoxin (14). The oxygenase contains a mononuclear
iron where catalysis occurs and a Rieske-type iron-sulfur
cluster ([2Fe-2S]) that mediates electron transfer to the cata-
lytic center. Structural studies on ROs such as naphthalene
dioxygenase (NDO) (10, 15–19) have identified key features
that are responsible for substrate specificity and have provided
valuable insight into the catalytic mechanism of these enzymes
(12). For example, a small N-terminal domain harbors the
[2Fe-2S] cluster while the catalytic center occurs in a larger C-
terminal domain (20). All ROs characterized to date are either
α3 trimers or have an additional small subunit to form an α3β3
hexamer.

The PDO systems of B. cepacia DB01 and C. testosteroni
KF1 comprise two components: an oxygenase and a reductase,
PDR, encoded by phtA and phtB, respectively. PDR contains a
flavin mononucleotide and a ferredoxin-type [2Fe-2S] center
(21). Work on PDODB01 pioneered our understanding of RO
function (11, 20–34). For example, these studies were the first
to establish that ROs are iron-dependent (20). Similarly,
ENDOR spectroscopy of the PDO Rieske center provided the
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Figure 1. Phthalate catabolic pathway and phylogeny of select ROs. A, catabolism of phthalate to protocatechuate by the Pht enzymes of C. testosteroni
KF1. PhtA and PhtB correspond to PDO and PDR, which catalyze the 4,5-dihydroxylation of phthalate. Protocatechuate is catabolized to TCA cycle in-
termediates. B, phylogenetic relationship of PDOs. Unrooted phylogenetic tree was calculated using a sequence alignment of 20 Rieske oxygenase α-
subunits. The proteins are abbreviated using the protein name and strain as follows (GenPeptID): biphenyl dioxygenase from Comamonas testosteroni B356
(BPDOB356, AAC44526), Paraburkholderia xenovorans LB400 (BPDOLB400, AAB63425), and Rhodococcus jostii RHA1 (BPDORHA1, BAA06868); ethylbenzene
dioxygenase from R. jostii RHA1 (EBDORHA1, BAC92718); naphthalene dioxygenase from Pseudomonas putida 9816-4 (NDOPp, P0A110), and Rhodococcus sp.
NCIMB 12038 (NDORho, AAD28100); terephthalate dioxygenase from Comamonas testosteroni E6 (tPDOE6, AIJ48578), and R. jostii RHA1 (tPDORHA1,
ABH00392); benzoate dioxygenase from Pseudomonas putida (BODOPp, WP_011600771); carbazole dioxygenase from Sphingomonas sp. GTIN11
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Structure of phthalate dioxygenase
first evidence that one of the cluster irons has bis-thiolate
coordination while the other has bis-imidazole coordination
(31). Additional spectroscopic studies of PDO revealed that
substrate binding results in a decrease in the coordination
number of the mononuclear iron center from six to five
(26, 33).

Despite extensive efforts, the structure of PDO has been
elusive. Based on gel filtration chromatography, the enzyme
was initially proposed to be an α4 tetramer (20). Further
analysis, including analytical centrifugation and mass spec-
trometry, indicated that PDODB01 is a hexamer comprising two
stacked α3 trimers, a configuration that has not been shown in
crystal structures of ROs to date (24). Moreover, PDOs share
less than 20% amino acid sequence identity with other struc-
turally characterized ROs. Thus, it has been difficult to identify
key residues beyond the metal ligands and an acidic residue
(28) proposed to mediate the interaction between the
Rieske cluster and the mononuclear iron (35). An atomic-
resolution structure of PDO would address a major gap in
our understanding of these enzymes and provide insights into
the molecular determinants of substrate specificity and
regiospecificity.

Herein, we present a biochemical and structural character-
ization of PDOKF1. Steady-state kinetics were used to evaluate
the enzyme’s apparent specificity for phthalate. Crystal struc-
tures of PDOKF1 were solved for the resting state enzyme as
well as in complex with phthalate and terephthalate. We also
report the structure of a homolog, ROCH34. The structures
reveal that PDOKF1 has unique structural features that ratio-
nalize the enzyme’s function. The roles of key residues in
substrate specificity and catalysis were evaluated using site-
directed mutagenesis. Additionally, the structures were
compared to those of related oxygenases to understand the
dihydroxylation reaction catalyzed by other PDOs.

Results

Bioinformatic analysis and phylogenetic relationship of
PDOKF1

Phylogenetic analysis of a variety of PDOs and characterized
ROs revealed that PDOKF1 is closely related to PDODB01, with
which it shares 81% amino acid sequence identity (Fig. 1B).
These two enzymes form a larger clade with isophthalate
dioxygenases iPDOE6 from C. testosteroni E6 (36) and iPDOHin

from Hydrogenophaga intermedia, a 3-chlorobenzoate dioxy-
genase, CbaDO, from C. testosteroni BR60 (37) as well as
ROCH34, an RO of unknown function with which PDOKF1

shares �35% amino acid sequence identity. All of these en-
zymes are α-type ROs (20, 36). By contrast, the actinobacterial
phthalate 3,4-dioxygenases, such as PDORHA1, are αβ-type
enzymes. Accordingly, these PDOs are more closely related to
(CarDOGTIN11, AAL37976); 3-ketosteroid 9α-hydroxylase from Rhodococcus rhod
Stenotrophomonas maltophilia (DMOSma, AAV53699); phthalate dioxygenase fro
(PDORHA1, BAD36800) and Burkholderia cepacia DB01 (PDODB01, WP_011881
(CbaDO, Q44256); phenoxybenzoate dioxygenase from Pseudomonas oleovor
ABF12407); isophthalate dioxygenase from Comamonas testosteroni E6 (iPDOE
turally characterized proteins are marked with red.
other αβ-type ROs such as NDO and biphenyl dioxygenase
(BPDO) (38–40). The terephthalate dioxygenases tPDOE6

from C. testosteroni E6 (41) and tPDORHA1 from R. jostii RHA1
(42) are also αβ-type ROs and cluster accordingly. Finally, the
sequence alignments indicate that in PDOKF1, the mono-
nuclear iron is coordinated by His181, His186, and Asp343,
the Rieske center is coordinated by Cys70, His72, Cys89, and
His92 and that Asp178 bridges the metallocenters (Fig. S1).
This is the same residue numbering as in PDODB01.

Purification and biochemical activity

PDOKF1 and ROCH34 were heterologously produced as His-
tagged (Ht-) proteins for structural studies. In addition,
PDOKF1 was produced as an untagged protein for kinetic
studies as it had higher specific activity. Ht-PDOKF1 and
PDOKF1 were purified to �99% and �95% apparent homoge-
neity, respectively (Fig. S2A), at yields of up to 20 mg protein
per liter culture. Preparations of Ht-PDOKF1 and PDOKF1

contained 2.9 ± 0.2 and 2.7 ± 0.5 iron per monomer. Ht-
PDOKF1 had a molecular weight of �300 kDa according to size
exclusion chromatography (SEC), consistent with a homo-
hexameric quaternary structure, while ROCH34 had a molec-
ular weight of �150 kDa, consistent with a homotrimer
(Fig. S2B). We also heterologously produced PDRKF1 and
RO-RCH34, the cognate reductases of PDOKF1 and ROCH34 for
activity assays.

The ability of the enzymes to catalyze the dihydroxylation of
phthalate was evaluated using an HPLC assay. When equi-
molar amounts of PDOKF1 and PDRKF1 were incubated with
100 μM phthalate (retention time, tR = 2.26 min) in the
presence of 1 mM NADH (0.1 M Tris, pH 8), phthalate was
consumed accompanied by the formation of a product with
tR = 1.73 min (Fig. 2A) and an m/z value of 194.95 (Fig. S3A).
The m/z value of phthalate was 158.92. Overall, the tR and an
m/z values are consistent with the product being cis-4,5-
dihydrodiol phthalate (20). The identity of the product was
further confirmed by its transformation to protocatechuate by
PhtCD as described below. Product formation was dependent
on the presence of NADH. Moreover, the stoichiometry of
NADH oxidized to phthalate hydroxylated was 1 ± 0.4:1
(Table 1). By contrast, ROCH34 did not detectably transform
phthalate (data not shown).

In addition to phthalate, PDOKF1 catalyzed the NADH-
dependent transformation of terephthalate. The product’s
retention time (Fig. 2B) and m/z value (Fig. S3B) are consistent
with the product being cis-1,2-dihydrodiol terephthalate (41).
However, the dihydroxylation of terephthalate was not well
coupled to NADH oxidation: the stoichiometry of NADH
oxidized to terephthalate hydroxylated was �5:1. Finally,
ROCH34 did not detectably transform terephthalate and neither
ochrous DSM43269 (KshADSM43269, B6V6V5); dicamba monooxygenase from
m Comamonas testosteroni KF1 (PDOKF1, EED67076), Rhodococcus jostii RHA1
604); 3-chlorobenzoate dioxygenase from Comamonas testosteroni BR60
ans (PobDOPol, Q52185); RO from Cupriavidus metallidurans CH34 (ROCH34,
6, BAH70269), and Hydrogenophaga intermedia (iPDOHin, CDN90362). Struc-
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Figure 2. Biochemical analyses. A, conversion of phthalate by PDOKF1 and PDRKF1. Purified enzymes (10 μM each) were incubated with 100 μM phthalate
in the presence of 100 μM NADH. The reaction product was analyzed by HPLC. B, conversion of terephthalate by purified PDOKF1 and PDRKF1. Purified
enzymes (10 μM each) were incubated with 500 μM terephthalate in the presence of 200 μM NADH. C, dependence of initial velocity of oxygen con-
sumption on the phthalate concentration in air-saturated buffer. Red lines represent fits of the Michaelis–Menten equation to the data. D, dependence of
initial velocity of oxygen consumption on the terephthalate concentration in air-saturated buffer. Red lines represent fits of the Michaelis–Menten equation
to the data. E, conversion of phthalate and terephthalate to protocatechuate and cis-dihydrodiol terephthalate, respectively with recombinant E. coli BL21,
named R1 cells containing phthalate catabolic genes (phtABCD encoding PDO, PDR, phthalate cis-4,5-dihydrodiol dehydrogenase, and cis-4,5-diol phthalate
decarboxylase, respectively).
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enzyme transformed isophthalate, 3-chlorobenzoate, 2-
chlorobenzoate, 3-phenoxybenzoate, or 4-phenoxybenzoate
(data not shown). The ability of PDOKF1 to transform phtha-
late and terephthalate was confirmed using recombinant E. coli
BL21 cells. Briefly, cells harboring the phthalate catabolic
genes, phtABCD, converted phthalate to protocatechuate
while control E. coli BL21 did not (Fig. 2E). The identity of
protocatechuate was assigned with its retention time
(Fig. S3C). Cells harboring PhtABCD also transformed
4 J. Biol. Chem. (2021) 297(6) 101416
terephthalate to the presumed dihydrodiol, indicating that
PhtC is unable to catalyze the dehydrogenation of cis-1,2-
dihydrodiol terephthalate.

We next used an oxygraph assay to evaluate the apparent
steady-state kinetic parameters of PDOKF1 in air-saturated
buffer. PDOKF1 catalyzed oxygen consumption in the pres-
ence of NADH and phthalate (50 mM Tris, pH 8.0, at 25 �C).
The initial rate of consumption displayed Michaelis–Menten
kinetics with respect to phthalate and terephthalate



Table 1
Apparent steady-state kinetic parameters of PDOKF1 for different substratesa

kcat (s
−1) Km (μM) kcat/Km (mM−1s−1) Couplingb

Phthalate 2.1 ± 0.1 3.6 ± 0.4 583 ± 87 1.0 ± 0.4
Terephthalate 2.0 ± 0.1 90 ± 12 22 ± 4 5.0 ± 0.2

a Experiments were performed using air-saturated 50 mM Tris, pH 8.0, at 25 �C. The reported parameters are based on oxygen consumption.
b Relative amount of NADH oxidized per mol of aromatic substrate hydroxylated.

Structure of phthalate dioxygenase
concentration (Fig. 2, C and D). However, the apparent spec-
ificity (kcat/Km) of PDOKF1 for phthalate was over 25-fold
higher than for terephthalate and the apparent Km value was
�20-fold lower (Table 1). Considering these experiments
measured oxygen consumption, and terephthalate turnover
was poorly coupled to NADH consumption, the true differ-
ence in apparent specificity is likely greater than 100-fold.

The crystal structure of ROCH34

Although we were unable to identify a substrate for ROCH34,
solving its structure provided a means of obtaining structures
of PDOKF1. ROCH34 was crystallized and solved to 1.8 Å res-
olution with single-wavelength anomalous dispersion (SAD)
phasing using Fe as anomalous scatterer. The crystals belonged
to the P63 space group and contained a single monomer in the
asymmetric unit. The overall statistics of data collection,
refinement procedures, and protein stereochemistry are within
the standard values (Table 2). The crystallographic symmetry
of ROCH34 suggests a trimeric architecture (α3 arrangement)
with each α subunit related to another subunit by a non-
crystallographic threefold axis (Fig. 3A). Each ROCH34 proto-
mer has 437 residues and structurally can be divided into the
Rieske domain and the catalytic domain (Fig. 3B). The Rieske
Table 2
Data processing and refinement statistics

ROCH34 PDOKF1

Resolution range 38.8–1.84 88.87–
Wavelength (Å) 1.74 0.9
Space group P 63 C 1
Unit cell dimensions
a b c (Å)
α, β, γ (�)

103.4 103.4
77.6

90 90 120

178.2
16

90 10
Completeness (%) 99.9 98.
Rmerge (%)

a 3.7 1
I/σ(I) 9.4 3.
Refinement
Reflections used in refinement 40,967 191,
Reflections used for R-free 2026 97
R-workb 0.16 0.1
R-freeb 0.21 0.2
Number of non-hydrogen atoms 3875 22,1
Macromolecules 3508 19,3
Ligands 27 15
Solvent 340 26

Protein residues 437 24
RMS (bonds) (Å)c 0.011 0.0
RMS (angles) (�)c 1.78 2.1
Favored (%) 97.46 94.
Allowed (%) 2.31 4.5
Outliers (%) 0.23 0.4
Average B-factor (Å) 43.99 37
Macromolecules (Å) 43.31 36.
Phthalate/terephthalate (Å)
Ligands (Å) 60.09 44
Solvent (Å) 49.72 47.

a Rmerge = Σ| I − CID|/ΣI.
b R = Σ|Fobs| − |Fcalc|/Σ|Fobs|. The Rfree is the R calculated on the 5% reflections exclude
c RMS is root mean square.
domain in ROCH34 (residues 26–153) consists of eight α-he-
lices and three β-sheet structures with a total of eight β-
strands. In the Rieske center, Fe1 is coordinated with Cys69
and Cys88, at 2.2 Å and 2.3 Å distances, respectively, while Fe2
is coordinated with His71 and His91 at distances of 2.1 Å each.
The two sulfide ions bridge the two iron ions and form a flat
rhombic arrangement. The catalytic domain is dominated by
an eight-stranded antiparallel β-sheet that extend over ten α-
helices. The active site is formed by two helices (α9 and α11)
and a β-sheet from the top. Three loops (LI, 246–253; LII,
291–330; LIII, 186–199) form the outer entrance of the cavity
from three sides. The mononuclear iron-containing active site
groove consists of residue Ser179, Glu176, His181, His186,
Arg233, Asn235, and Asp349 (Fig. 3B). The mononuclear Fe
atom is coordinated at 1.9 Å and 2.0 Å distances to His181 and
His186, respectively, as well as bidentately to Asp349 with 2.0
Å and 2.5 Å distances (Fig. 3B). Additionally, a glutamate
molecule, which originates from the mother liquor, binds the
mononuclear iron in a bidentate manner (1.8 Å and 2.5 Å from
each of the carboxylate oxygen atoms), completing its coor-
dination sphere (Fig. 3B). However, the two coordination sites
of the GLU are usually occupied by solvent molecules, as
observed in other RO structures (16, 43).
-native PDOKF1-phthalate PDOKF1-terephthalate

2.11 53.29–2.74 53.06–3.07
6 1 1
2 1 C 1 2 1 C 1 2 1
121.4
1.5
0.9 90

179.0 122.2
162.9

90 101.1 90

179.2 122.7
163.5

90 101.1 90
84 97.88 97.35
0 6 8.8
9 12.6 8.6

509 88,624 63,340
84 4362 3147
7 0.2 0.26
2 0.28 0.3
71 20,545 19,601
89 19,274 19,311
4 42 42
28 1229 248
59 2446 2454
13 0.008 0.008
1 1.58 1.6
99 91.54 88.39
2 7.5 9.64
9 0.95 1.98
.7 50.73 44.09
29 51.03 44.36

77.25 78.5
.1 47.51 43.8
69 46.16 22.59

d for refinement.
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The structure of PDOKF1

PDOKF1 was crystallized and its structure was determined at
2.1 Å resolution using molecular replacement and the ROCH34

structure as a template. The overall data collection and
refinement statistics are within the standard values (Table 2).
The PDOKF1 crystal belongs to the C2 space group and con-
tained six monomers in the asymmetric unit. The overall
crystallographic symmetry operation shows that PDOKF1 is
hexameric, consistent with the SEC measurement. The hex-
amer has a star-shaped arrangement in which one α3 is stacked
on top of, and 60�offset from, the other (Fig. 4B). The modeled
PDOKF1 protomer can be divided into the Rieske domain and
the catalytic domain (Fig. 4A). Typical head-to-tail interaction
interface between the subunits consists of many charged res-
idues that form up to 28 hydrogen bonds and 16 salt bridges as
calculated by PISA-CCP4i (44). The overall structure of
PDOKF1 is very similar to that of ROCH34, with an RMSD of
0.98 Å over 274 Cα atoms. The Rieske domain of PDOKF1 is
very similar to that of other α3 type ROs despite sharing less
than 20% amino acid sequence identity with them over this
domain. For example, the Rieske domains of PDOKF1 and
6 J. Biol. Chem. (2021) 297(6) 101416
DMO (45) have an RMSD of 1.0 Å over 90 Cα atoms (Fig. 4D).
More specifically, the Rieske domain of PDOKF1 consists of five
α-helices and three beta-sheet structures with a total of ten β-
strands. The Fe1 of the Rieske cluster is coordinated with
Cys70 and Cys89, at distances of 2.3 Å each. For its part, Fe2 is
coordinated with His72 and His92 at distances of 2.2 Å each.
The two sulfide ions bridge the two iron ions and form a flat
rhombic arrangement typical of ROs (Fig. 4C). Within a single
protomer, the mononuclear iron is located at 44 Å from the
Rieske center (nearer iron). However, as typical of ROs, it is
only at 12 Å (nearer iron) from the mononuclear iron of the
adjacent α subunit within the trimer (39, 45, 46). The mono-
nuclear iron is also seen to be very distant (44 Å) from the
Rieske center of the stacked protomer (Fig. S4). Finally, an N-
terminal helix extension present in CarDO, which mediates
interactions with a ferredoxin, is absent in PDOKF1, consistent
with the absence of this component in the PDOKF1 system.

In contrast to the Rieske domain, the catalytic domain of
PDOKF1 shows important differences with respect to that of
other ROs (Fig. 4E). Most strikingly, this domain contains 286
residues (154–439), significantly more than any other
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CarDO (yellow). Extended region (residue 285–338) of the catalytic domain of PDOKF1 are involved in α3:α3 stacking interactions.
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structurally characterized RO. For example, the catalytic do-
mains of DMO and CarDO comprise 220 and 240 residues,
respectively. Much of the additional size is due to an extended
region that contains protruded helices and loops (Zone I and II
in Fig. 4E). Together, these protrusions form a bipod-like
structure and enable the stacking of each α protomer with
two protomers from the neighboring trimer (Fig. S5A). More
specifically, this extended region comprising residues 285 to
338 forms two helices, each of which interacts with a separate
protomer (α4 and α5). These interactions include a hydrogen
bond and a salt bridge formation (Fig. S5B). The residues that
mediate trimer stacking in PDOKF1 are largely conserved
among proteobacterial PDOs, including PDODBO1 (Fig. S1),
consistent with the latter being a homohexamer (24). ROCH34

harbors residues (292–300) that align with the extended region
(Fig. S1); however, they adopt a different structure than that of
PDOKF1 (Fig. S5C). Additionally, the residues constituting this
helix are not conserved. Especially, ROCH34 lacks Glu293 and
Thr294, which form critical intertrimer interactions in
PDOKF1 (Fig. S1). Overall, these differences are consistent with
ROCH34 being a trimer rather a homohexamer.

Other than the insertions that mediate trimer stacking, the
catalytic domain is similar to that of other ROs. Briefly, the
domain comprises V-shaped β-sheets formed from eight
J. Biol. Chem. (2021) 297(6) 101416 7
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antiparallel β-strands. These sheets are surrounded by nine
α-helices (Fig. 4A). The active site itself is formed by two
α-helices and two β-sheets facing each other. A broad channel
extends from the surface of the protein, providing substrates
with access to the catalytic mononuclear iron. The mono-
nuclear iron ion is coordinated to His181 and His186 at 2.1 Å
each and is bidentate to Asp343 with 2.2 Å and 2.3 Å distances
(Fig. 4D). Unlike ROCH34, the last two coordination sites of
mononuclear iron are occupied by two water ligands, W1 and
W2, at distances of 2.1 Å and 2.0 Å, respectively (Fig. 4D). As
described previously, the coordination sphere of the mono-
nuclear iron is conserved within ROs (38, 46). Asp178 bridges
the mononuclear iron and the Rieske center of the neighboring
subunit (Fig. 4C) as reported in PDODB01 (28). More specif-
ically, Asp178 forms a hydrogen bond with His181, a mono-
nuclear iron ligand, and His91 of the neighboring subunit
where it coordinates the FeS cluster (Fig. 4C). The substrate-
binding pocket is defined by Arg207, Arg231, Ser179, and
Figure 5. Structure of phthalate and terephthalate bound PDOKF1 comple
positioning substrate. A, electron density omit maps (contoured at 3σ) at 2.7
site. B, the coordination state of the mononuclear iron in presence of phthalate
PDOKF1 via interactions that are highlighted here. D, similarly, the terephthalat
highlighted here. The interactions are represented with black dotted lines. Res
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Arg244 on one face and Phe278, Phe280, and Phe339 on the
other face. These residues interact with phthalate as described
below and are conserved in proteobacterial PDOs, including
PDODB01 (Fig. S1).
The structure of PDOKF1 complexes with phthalate and
terephthalate

To identify residues responsible for binding phthalate, we
soaked crystals of PDOKF1 with the substrate and determined a
structure of the complex to 2.7 Å resolution. The main chain
conformation in the PDOKF1:phthalate complex is nearly
identical to that of substrate-free PDOKF1 (RMSD 0.24 Å over
366 Cα atoms). The phthalate molecule could be modeled in
one chain of PDOKF1 structure that matched the observed
electron density with a real space correlation coefficient
(RSCC) of 0.84 (Fig. 5A). In contrast to the distorted octahe-
dral geometry of mononuclear iron in the substrate-free
xes to reveal the protein interactions that are important for correctly
Å, 3.1 Å resolution for phthalate and terephthalate, respectively in the active
and terephthalate. C, the phthalate molecule is anchored in the active site of
e molecule is anchored in the active site of PDOKF1 via interactions that are
idues and bond distances (in Å) are labeled.



0

0.2

0.4

0.6

1.5 1.7 1.9 2.1 2.3 2.5

0 min
10 min

0

0.2

0.4

0.6

1.5 1.7 1.9 2.1 2.3 2.5

0 min
10 min

0

0.2

0.4

0.6

1.5 1.7 1.9 2.1 2.3 2.5

0 min

10 min

PDOKF1R244A

PDOKF1R207A

PDOKF1WT

Retention time (min)

A
U

A
U

A
U

Figure 6. Site directed mutagenesis and additional activity of PDOKF1.
Reactions of PDOKF1 wild-type and variants with phthalate. Purified en-
zymes (10 μM each) were incubated with 10 μM PDRKF1, 100 μM phthalate
in the presence of 1 mM NADH. The reaction product was analyzed by
HPLC.

Structure of phthalate dioxygenase
enzyme, the mononuclear iron is pentacoordinate in the
PDOKF1:phthalate complex (Fig. 5B), as observed in case of
PDODB01 with magnetic circular dichroism (26, 33). Phthalate
is positioned in the active site such that the carbon atoms that
are dihydroxylated, C4 and C5, are 4.3 Å and 4.5 Å, respec-
tively, away from mononuclear iron, consistent with earlier
reported (32) distance (4.3 Å–6.5 Å) between phthalate and
mononuclear iron. A solvent ligand is also present, between
the substrate and the mononuclear iron, 2.9 Å and 3.0 Å from
C4 and C5 carbon atoms, respectively (Fig. 5B). There is suf-
ficient space between the metal ion and the substrate for O2 to
displace the solvent ligand as suggested for NDO and other
ROs (15, 47). Interestingly, Arg244 interacts with both
carboxylate groups of the phthalate molecule, being positioned
at 2.7 Å and 3.2 Å from C1 and C2 carboxylate groups,
respectively. The C2 carboxylate also interacts with the side
chain of Arg207, at a distance of 3.0 Å (Fig. 5C). These
carboxylate groups are also hydrogen-bonded to the side chain
hydroxyls of Ser179 and Ser182. These salt bridges and
hydrogen-bond networks indicate that the carboxylate groups
are critical binding determinants. Finally, Phe280 and Phe339,
located on the other face of the active site, form π–π stacking
interaction with the substrate’s aromatic ring (Fig. 5C).

The key phthalate-binding residues are conserved among
PDOs from proteobacterial strains (Fig. S1). However, these
residues are not all conserved in ROCH34. Thus, Ser182,
Arg207, Phe280, and Phe339 correspond to Ala182, Trp201,
Met271, and Leu346, respectively, in ROCH34 (Fig. S1). These
substitutions are consistent with ROCH34’s inability to turnover
phthalate. Finally, the sequence analysis reveals that Arg207
and Arg244 of PDOKF1 correspond to Arg218 and Met283,
respectively, in PDORHA1 as discussed below. This highlights
the different architectures of the PDOs that catalyze 4,5-
dihydroxylation and 3,4-dihydroxylation, respectively.

To investigate the structural basis of why phthalate is a
better substrate for PDOKF1 than terephthalate, we soaked
PDOKF1 crystals with terephthalate and solved the structure of
the resulting complex to 3.1 Å. In the PDOKF1:terephthalate
structure, the ligand terephthalate also could be modeled in
one chain of the PDOKF1 structure and has an RSCC value of
0.87. Like the PDOKF1:phthalate complex, the structure of the
PDOKF1:terephthalate complex is very similar to that of the
substrate-free enzyme (RMSD 0.26 Å over 367 Cα atoms).
Interestingly, no density corresponding to a metal-bound
solvent or O2 species was observed, perhaps due to the low
resolution. The terephthalate molecule is positioned in the
active site such that the carbon atoms that are dihydroxylated,
C1 and C2, are at 3.4 Å and 3.6 Å, respectively from the
mononuclear iron (Fig. 5B). Notably, the orientation of the
terephthalate in the active site is consistent with that required
for productive catalysis. Moreover, several of the interactions
between the enzyme and the substrate observed in the
PDOKF1:phthalate structure are conserved in the PDOKF1:ter-
ephthalate structure. The substrate’s C4 carboxylate interacts
with the side chains of Arg244 and Arg207 at distances of
2.8 Å and 3.0 Å, respectively, analogous to the interactions
between the C2 carboxylate of phthalate and these residues
(Fig. 5D). Similarly, the aromatic ring of terephthalate forms a
nonpolar interaction with Ile256 and π–π stacking interactions
with Phe339 and Phe280 (Fig. 5D), as observed for phthalate.
The striking difference between the bound substrates concerns
the second carboxylate: in the case of terephthalate, the C1
carboxylate does not form hydrogen bonds or salt bridges with
any residues. The markedly fewer interactions are consistent
with the lower specificity of the enzyme for terephthalate.

Active site variants

The roles of active site residues in determining the substrate
specificity of PDOKF1 were probed using site-directed muta-
genesis. More specifically, we generated the R207A and R244A
variants of the enzyme and purified them as described for the
wild-type enzyme. Preparations of both variants contained
2.9 ± 0.3 Fe per monomer. Using the HPLC-based assay,
neither variant detectably transformed phthalate, indicating
that these two residues are critical determinants of substrate
specificity (Fig. 6).
J. Biol. Chem. (2021) 297(6) 101416 9
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Modeling of PDORHA1 and iPDOE6

To better understand the structural features that determine
the regiospecificity of PDOs, we modeled PDORHA1, an
enzyme that catalyzes 3,4-dihydroxylation, and compared it
with the structure of PDOKF1. A homology model of PDORHA1

generated using the structure of NDORho (19) has an RMSD of
0.15 Å over 325 aligned Cα atoms with the structure of
NDORho. Despite significant architectural differences between
actinobacterial PDOs and proteobacterial PDOs, the active site
features are similar in terms of their constituent residues. As in
PDOKF1, the PDORHA1 active site features basic residues on
one face and nonpolar residues on the other, positioned to
interact with the phthalate’s carboxyl moieties and aromatic
ring, respectively (Fig. 7A). Consistent with enzyme’s regio-
specificity, docking phthalate into the active site using Auto-
Dock Vina yielded a pose with the atoms to be hydroxylated,
C3 and C4, positioned 3.4 Å and 3.1 Å, respectively, from a
water molecule, which is at 2.2 Å distance from mononuclear
iron and occupies the presumed binding site for dioxygen
(Fig. 7A). More specifically, Arg218, which corresponds to
Arg207 in PDOKF1, interacts with the C2 carboxylate group of
phthalate, while Lys224 and Lys242 residues interact with the
C1 carboxylate. These interactions orient the phthalate
molecule for its regiospecific 3,4-dihydroxylation (Fig. 7A).
Comparison with the PDOKF1:phthalate complex revealed that
Arg244 in PDOKF1 is replaced with Met283 in PDORHA1, and
that this prevents the orientation of the substrate to enable 4,5-
dihydroxylation (Fig. 7B).

To gain insight into the active site features of iPDOE6, we
modeled the enzyme’s structure using the ROCH34 coordinates.
The homology model of iPDOE6 has an RMSD of 0.19 Å over
309 aligned Cα atoms. Comparison with the structures of
PDOKF1 and ROCH34 revealed significant similarities and dif-
ferences in the active sites. First, Arg244, which interacts with
a phthalate carboxylate in PDOKF1, is conserved in iPDOE6

(Arg234), and ROCH34 (Arg233) (Fig. 7, D and E). The iPDOE6

active site also harbors His257 that is positioned to interact
with the meta-carboxylate group of the isophthalate. In the
modeled structure, this residue corresponds to Asn266 of
PDOKF1. Importantly, iPDOE6 does not have a second Arg in
the active site to bind an ortho-carboxylate. Finally, Val178,
Phe249, and Phe333 are positioned to stabilize the aromatic
ring of isophthalate. These residues correspond to Ser182,
Arg207, and Phe339 of PDOKF1, respectively (Fig. 7, D and E).
This analysis indicates that Arg234 and His257 are critical
determinants for the specificity of iPDOE6. Interestingly,
ROCH34 also harbors His257. However, the residues predicted
to interact with the substrate’s aromatic ring in iPDOE6,
Val178, Val245, Phe249, and Phe333, correspond to Ala182,
Ile246, Gln248, and Leu345 in ROCH34, suggesting this is a
major reason why ROCH34 is unable to turnover isophthalate
(Fig. 7E).
Discussion

The structural characterization of PDOKF1 validates and
extends pioneering work done on PDODB01. Specific features
10 J. Biol. Chem. (2021) 297(6) 101416
of PDODB01 that are validated by the structure of PDOKF1

include the hexameric configuration of the former (24) and the
bridging of the metallocenters by Asp178 (35). More particu-
larly, because all functionally important residues are conserved
between these two enzymes, the structure of PDOKF1 provides
a framework for characterizing the molecular determinants of
PDODB01’s properties. For example, PDODB01 contains the
regions and specific residues that stabilize hexamer formation
in PDOKF1, and these residues are unique to this clade of
PDOs. Accordingly, we predict that the PDODB01 hexamer
adopts the same star-shaped structure as the PDOKF1 hexamer.
Similarly, all the substrate-binding residues of PDOKF1 are
conserved in PDODB01, including Arg207 and Arg244,
providing a basis for understanding the substrate specificity
and regiospecificity of PDODB01.

The structural data together with the functional character-
ization of the variants establish that Arg244 and Arg207 are
critical determinants of substrate specificity in the proteo-
bacterial PDOs. The structure of the PDOKF1:phthalate com-
plex revealed that these two residues on one face of the active
site form salt bridges with carboxylate groups of phthalate.
These residues are conserved among proteobacterial PDOs,
highlighting their importance in correctly positioning phtha-
late for its regiospecific hydroxylation. Further, the positioning
of these residues is such that they are unable to properly
orientate either terephthalate or isophthalate in the active site,
as indicated by PDOKF1’s poor turnover of terephthalate and
inability to turn over isophthalate.

The data for the PDOKF1 and PDOKF1:phthalate structures
corroborate the spectroscopic data showing the substrate-
dependent change in the coordination geometry of PDODB01.
Magnetic circular dichroism spectroscopic analyses indicated
that in substrate-free PDODB01, the mononuclear iron is hex-
acoordinate and becomes pentacoordinate upon substrate
binding (26, 33). Moreover, NMR evidence showed that the
dissociating ligand is a water molecule (34). Consistent with
these, the data presented here establish that the mononuclear
iron exists in a distorted octahedral six-coordinate geometry in
the resting state PDOKF1 (Fig. 3B) and is five-coordinate in the
PDOKF1:phthalate complex (Fig. 5B). The mononuclear iron is
six-coordinate in the resting state of NDO as well (48). The
change in coordination state induced by substrate binding is
thought to be mechanistically important as it enables the
mononuclear iron to bind O2 in a side-on manner (13).
Additionally, in PDODB01, mononuclear iron was reported (11)
to be in the ferrous state at the end of the reaction during
single turnover experiments. Based on this, it was proposed
that two electrons for the reaction are provided by two Rieske
centers and that the resulting stoichiometry is one product
molecule produced per two Rieske centers oxidized (24). This
phenomenon was proposed to be a consequence of a stacked
trimer architecture placing two Rieske centers close to each
mononuclear iron, facilitating electron transfer. The PDOKF1

structure demonstrates that the stacked trimer architecture
does not position a second Rieske center sufficiently close to
the mononuclear iron (Fig. S4) to enable transfer of second
electron. However, with the current lack of biochemical and



Figure 7. Structural comparison and active site analysis of PDORHA1 and iPDOE6. A, active site of PDORHA1 with docked phthalate molecule, shown in
salmon-colored stick. Residues and bond distances (in Å) are labeled. B, superposition of the structures of PDORHA1 and PDOKF1 (green). C, stereoview of
superposition of the structures of PDORHA1 and PDOKF1. D, superposition of the structures of iPDOE6 and PDOKF1 (green). The isophthalate docked model of
iPDOE6 is shown in violet-colored stick. E, superposition of the structures of iPDOE6 and ROCH34 (Cyan). The residues are labeled. F, stereoview of superposition
of the structures of iPDOE6 and PDOKF1. G, stereoview of superposition of the structures of iPDOE6 and ROCH34.
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structural evidences, the “two Rieske centers for one mono-
nuclear iron” cannot be proven.

The terephthalate-transforming activity of PDOKF1 is un-
likely to be physiologically relevant. First, the dihydroxylation
of terephthalate was not well coupled with NADH oxidation,
indicating that the active site of PDOKF1 does not accommo-
date terephthalate well. This is confirmed by the structure of
the PDOKF1:terephthalate complex, which reveals that one of
J. Biol. Chem. (2021) 297(6) 101416 11



Figure 7. (continued).
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the terephthalate carboxylates does not form any salt bridges
with active site residues. Second, recombinant cells containing
the phthalate catabolic pathway transformed terephthalate to
the cis-dihydrodiol. While this confirms that PDOKF1 can
dihydroxylate terephthalate, it also established that the sub-
sequent phthalate catabolic enzymes are unable to transform
the cis-diol product to protocatechuate. Finally, as
C. testosteroni KF1 possesses a bonafide terephthalate catabolic
pathway (41), terephthalate hydroxylation activity of PDOKF1 is
expected to not be physiologically relevant.

The structural comparison of PDOKF1 with a homology
model of PDORHA1 highlights possible determinants of the
regiospecificity of PDORHA1. Specifically, while the overall
structures of PDORHA1 and PDOKF1 are different, most of the
active site residues are identical. Notably, Arg207, a key
phthalate-binding residue in PDOKF1, corresponds to Arg218
in PDORHA1. An important difference in the active sites of
these enzymes is Met283 in PDORHA1, which corresponds to
Arg244 of PDOKF1. In PDORHA1, the phthalate binding pose
equivalent of PDOKF1 would have a steric conflict between the
12 J. Biol. Chem. (2021) 297(6) 101416
phthalate and Met283 and thus prevent the phthalate molecule
to get 4,5-dihydroxylated. Additionally, the interactions of
Arg218, Lys224, and Lys242 in PDORHA1 with the C1 and C2
carboxylates of phthalate are critical to orientating the sub-
strate for 3,4-dihydroxylation.

While the physiological role of ROCH34 is unclear, the
functional and structural data are consistent with it not being
either a PDO or an iPDO. The crystal structure of ROCH34

depicted common features of ROs related to mononuclear
iron-binding residues and electron transfer residues. However,
the structural analysis indicated that active site residues in
ROCH34 differ from those of PDOKF1. More specifically, the
lack of Arg207, Phe280, and Phe339 in ROCH34 likely explains
this enzyme’s inability to transform phthalate. Comparison of
the crystal structure of the PDOKF1 complex to the modeled
iPDOE6 structure revealed structural features that explain the
different reactivities of these two enzymes. Most strikingly, the
occurrence of polar residue His257 in iPDOE6 at the position
corresponding to Asn266 of PDOKF1 is consistent with the
specificity of iPDOE6 for isophthalate. The ROCH34 structure
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lacks the equivalent of aromatic ring stabilizing residues
Phe333, Phe249, Val178, Ile246 of iPDOE6, likely explaining its
inability to bind isophthalate. Unfortunately, the genomic
context of the gene encoding ROCH34 (protein_id, ABF12407)
provides no insight into the function of the enzyme: the
adjacent genes are predicted to encode an alcohol dehydro-
genase (ABF12404) and an aldehyde dehydrogenase
(ABF12403). Finally, although ROCH34 shares sequence simi-
larity with phenoxybenzoate dioxygenase, ROCH34 did not
transform either 3-phenoxybenzoate or 4-phenoxybenzoate.

In conclusion, this study provides important new insights
into the dihydroxylation of phthalate by proteobacterial PDOs.
The structures and mutagenesis data not only provide insights
into the molecular details of PDOKF1, but also provide struc-
tural basis for better understanding many years of work on
PDODB01. The findings also provide a structural basis for un-
derstanding the regiospecific 4,5-dihydroxylation by proteo-
bacterial PDOs versus 3,4-dihydroxylation of actinobacterial
PDOs.

Experimental procedures

Chemicals, reagents, and bacterial strains

All reagents were of analytical grade. Restriction enzymes,
T4 DNA ligase used for cloning were from New England
Biolabs. Phusion polymerase used was from Thermo scientific.
Water for buffers was purified using a Merck Synergy Water
Purification System to resistance of at least 18.2 MΩ.
C. testosteroni KF1 was purchased from the German Collection
of Microorganisms and Cell Cultures DSMZ. Cupriavidus
metallidurans CH34 was purchased from the Microbial Type
Culture Collection (MTCC).

Cloning and expression

DNA was purified, propagated, cloned, and amplified using
standard protocols (49). Genes encoding RO components were
amplified from genomic DNA of C. testosteroni KF1 and
megaplasmid DNA of C. metallidurans CH34 using primers
listed in Table S1. N- and C- terminal primers contained NdeI
and XhoI sites, respectively. The PCR amplicons and vectors
(either pET-28c or pET-41b) were digested with the appro-
priate restriction enzymes, gel purified, and ligated with T4
DNA ligase. The phthalate catabolic gene fragment (phtA
encoding PDO, phtB encoding PDR, phtC encoding phthalate
cis-4,5-dihydrodiol dehydrogenase, and phtD encoding cis-4,5-
diol phthalate decarboxylase) was amplified from genomic
DNA of C. testosteroni KF1 using primers listed in Table S1.
The amplified fragment was digested with NcoI and HindIII
enzymes and cloned into the pET-28c vector. The recombi-
nant vector was transformed into competent E. coli DH5α cells
and subsequently to E. coli BL21 λ(DE3) cells. The ligation
products were transformed into chemically competent E. coli
DH5α cells and spread onto lysogeny broth (LB) agar plates
containing kanamycin (50 μg/ml). Multiple single colonies
were picked for each construct and grown in 10 ml LB sup-
plemented with kanamycin at 37 �C and 220 rpm overnight.
Plasmid DNA was extracted and a positive clone was
confirmed by restriction digestion and DNA sequencing.
Further, the confirmed plasmid was transformed into chemi-
cally either competent E. coli BL21 λ(DE3) cells and spread
onto LB agar plates containing kanamycin (50 μg/ml). A single
transformed colony was inoculated into 10 ml of LB supple-
mented with kanamycin (50 μg/ml) and incubated at 37 �C and
220 rpm overnight. Cells were grown in LB supplemented with
kanamycin (50 μg/ml) at 37 �C and 200 rpm until OD600 =
0.6, upon which culture was transferred to 16 �C and induced
with 0.5 mM isopropyl β-D-thiogalactopyranoside (IPTG) for
16 h. Cells were pelleted (6000g, 10 min, 4 �C) and stored
at −80 �C.
Purification of recombinant PDOKF1 and PDRKF1
For kinetic characterization, PDOKF1 and ROCH34 were

produced in E. coli BL21 λ(DE3) with pET41PDOKF1 and
pET41ROCH34 plasmid constructs, respectively, as the His-
tagged form of these enzyme did not show any detectable
activity. Cell culture collected from 1 l was resuspended in
10 ml purification buffer (20 mM Tris, pH 7.4) containing
5 mM PMSF, and cells were lysed using Constant Cell Dis-
ruptor at 20 psi. Cell debris was removed by centrifugation at
12,000 rpm for 1 h at 4 �C. The PDOKF1 was purified using a
MonoQ 10/100 Gl column (GE Healthcare). The protein was
eluted with a linear gradient from 0.2 to 0.6 M NaCl in 120 ml
of 20 mM Tris, pH 8.0. Fractions containing PDOKF1 and
ROCH34 were pooled, dialyzed into 20 mM Tris, pH 7.4,
concentrated to �20 mg/ml, flash-frozen as beads in liquid N2,
and stored at −80 �C until needed.

The ROCH34-Ht, RO-RCH34-Ht, PDOKF1-Ht, and PDRKF1-Ht
were produced in E. coli BL21 λ(DE3) with pET28ROCH34,
pET28RO-RCH34, pET28PDOKF1, and pET28PDRKF1
plasmid constructs, respectively. Cells were grown, cell ex-
tracts were produced as described above and resuspended in
10 ml purification buffer (20 mM Tris, pH 7.4, NaCl 300 mM)
containing 5 mM PMSF, and cells were lysed using Constant
Cell Disruptor operated at 20 psi. The supernatant solutions
were incubated with the pre-equilibrated Ni-NTA affinity
column. Bound proteins were eluted by an imidazole gradient
from 100 to 500 mM with purification buffer and analyzed on
an SDS-PAGE gel. Fractions containing pure protein bands
were concentrated using an Amicon 30 kDa Millipore filter.
N-terminal His tag was removed by incubation with TEV
protease (1:10 M ratio) in dialysis buffer (100 mM sodium
phosphate, pH 7.4; 50 mM NaCl). The cleaved protein mixture
was purified by using a Reverse Ni-NTA column. The purity of
the protein was checked on SDS-PAGE. Tag-free proteins
were concentrated using an Amicon 30 kDa Millipore filter
and dialyzed with 50 mM HEPES, pH 7.4, 50 mM NaCl.
Analytical methods

Protein concentration was determined using the Micro BCA
protein assay kit (Pierce) using bovine serum albumin as a
standard. UV–Visible spectra were recorded using a Cary 60
spectrophotometer. Iron concentrations were determined
J. Biol. Chem. (2021) 297(6) 101416 13
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spectrophotometrically using the Ferene-S assay and FAS so-
lution as a standard (50).

Phylogenetic analysis of RO sequences

Twenty sequences of ROs were selected for phylogenetic
analysis based on biochemical characterization and preferred
substrate. Sequences of α subunits were aligned using MUS-
CLE. Phylogenetic reconstruction and validation were per-
formed using the neighbor-joining (NJ) method based on
bootstrap analysis with 1000 replications using the Jukes–
Cantor distance model in molecular evolutionary genetics
analysis (MEGA) 7 software (51). Both maximum-likelihood
and minimum-evolution methods were also employed to test
the robustness of the tree.

Biochemical activity

The PDOKF1 activity was determined by measuring the
consumption of phthalate by high-pressure liquid chroma-
tography (HPLC). HPLC experiments were carried out on an
X-Bridge (Waters) C18 column (5 μm, 150 × 4.6 mm) using a
Waters HPLC system equipped with a binary pump (Waters;
Binary pump 1525) and photodiode array (Waters; PDA 2998)
detector. Chromatograms were analyzed on a Windows 10
platform with an EMPOWER software ver. 3 feature release 4
(Waters). The 1 ml assay mixture contained 100 mM Tris, pH
8.0 containing 100 μM Fe(NH4)2(SO4)2.6H2O, 200 μM sub-
strate, 100 μM NADH, 10 μM each of PDOKF1 and PDRKF1.
Portions (100 μl) of the reaction mixture were removed at
various sampling times and quenched with 100 μl acetonitrile
(100%) prior to analysis. The mobile phase used for
HPLC analysis was a mixture of acidified water (68%) and
acetonitrile (32%). The HPLC system was operated at a flow
rate of 1 ml/min and the metabolites were detected at 240 nm.
For substrate preference activity, PDOKF1 was incubated
with 100 μM of phthalate, isophthalate, terephthalate,
3-chlorobenzoate, 2-chlorobenzoate, 3-phenoxybenzoate, or
4-phenoxybenzoate under the assay conditions described
above, and the reaction mixtures were analyzed by HPLC.

Steady-state kinetic assays were performed by monitoring
the consumption of O2 using a Clark-type polarographic O2

electrode OXYG1 (Hansatech) connected to a circulating
water bath. Assays were performed in 1 ml of air-saturated
50 mM Tris, pH 8.0 at 25 �C, with 0.25 μM each of PDOKF1

and PDRKF1 and initiated by adding the substrate. The
electrode was calibrated according to the manufacturer’s
instructions using air-saturated water and O2-depleted water
via the addition of sodium dithionite. Reaction velocities were
corrected for the background rate of O2 consumption, recor-
ded prior to aromatic substrate addition. Steady-state kinetic
parameters were evaluated by fitting the Michaelis–Menten
equation to the initial velocities.

Site-directed mutagenesis

PCR amplification using mutagenic primers was used to
introduce the desired substitution. In all, 25 μl reactions
composed of 1x Phusion buffer (HF), 100 μM dNTPs, 2 ng/μl
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plasmid template, 1 μM primer (Table S1), 1 U Phusion DNA
polymerase, and 1% DMSO. The parent template was digested
using DpnI upon the visual confirmation of a successful
amplification using agarose gel electrophoresis. The DpnI
digest reaction was incubated at 37 �C for 1 h and 10 μl re-
action volume was transformed into DH5α chemically
competent cells. Mutations were verified by sequencing.

Whole cell biotransformation of phthalate and terephthalate

Cell-mediated substrate hydroxylation was detected and
analyzed with HPLC. One mL of overnight recombinant BL21
λ(DE3) culture was added to two flasks containing 1 mM
phthalate and terephthalate in 50 ml of MINERAL MEDIUM
(BRUNNER), and IPTG (1 mM final concentration) was
added. Cultures were grown for 4 h at 30 �C and centrifuged,
and the supernatant was analyzed by HPLC and the cells were
disrupted using Cell Disruptor (Constant Systems) and
extracted using acetonitrile (GC-grade). The cell debris was
removed with centrifugation. The extracted samples were
concentrated to 500 μl and then filtered through 0.22 μm
membrane filters. Filtered samples were analyzed with HPLC
as described above. The HPLC experiment was carried out on
a SunFire (Waters) C18 column (5 μm, 250 × 4.6 mm).

Crystallization of ROCH34 and PDOKF1

ROCH34 was concentrated up to 18 to 20 mg/ml and sub-
jected to crystallization trials using the sitting drop vapor
diffusion method at 20 �C. The initial crystals appeared in the
Morpheus screen. The best diffracting crystals were obtained
in an optimized condition, which contained 50 mM glycine,
25 mM lysine, 20 mM glutamate, and 14% polyethylene glycol
4000 reservoir solution, and protein-to-reservoir ratio of 1:1
was used. ROCH34 crystals were obtained at 20 �C. For data
collection, ROCH34 crystals were cryoprotected in a reservoir
solution containing 15% ethylene glycol and were flash-frozen
in a nitrogen stream at 100 K. PDOKF1 was concentrated up to
12 to 15 mg/ml and subjected to crystallization trials using the
sitting drop vapor diffusion method at 20 �C. The best dif-
fracting crystals were obtained in an optimized condition that
contained 100 mM HEPES buffer pH 7.5, 25 mM CaCl2,
25 mM MgCl2, 100 mM sodium potassium tartrate, and 12%
polyethylene glycol 4000 as a reservoir solution with protein-
to-reservoir ratio of 1:1. Within 2 days, deep red-colored
PDOKF1 crystals were obtained at 20 �C. For data collection,
crystals were cryoprotected in a reservoir solution containing
40% ethylene glycol and were flash-frozen in a nitrogen stream
at 100 K. PDOKF1 crystals in complex with phthalate and
terephthalate were obtained by soaking the crystals in cryo-
protectant solutions containing 5 mM phthalate or 5 mM
terephthalate for 5 min at 25 �C before freezing and data
collection.

X-ray data collection and structure determination

Diffraction data were collected at the Home Source,
Macromolecular crystallography Unit, IIC, IIT Roorkee,
European Synchrotron Radiation Facility (ESRF), and Elettra



Structure of phthalate dioxygenase
Sincrotrone Trieste. The data quality was evaluated using
PHENIX.XTRIAGE (52). The structure of ROCH34 was solved
by a SAD phasing using Auto-Rickshaw (53) and was used as a
search model for molecular replacement (MR) for PDOKF1

data, which was performed with Phaser-MR (54) of CCP4i.
Iterative rounds of model-building in COOT (55) and refine-
ment of atomic coordinates and B-factors in refmac5 (56)
allowed for the correct placement of sidechains and loops. The
NCS restraints were used throughout the refinement of
PDOKF1 data. The data collection and refinement statistics are
summarized in Table 2. The phthalate and terephthalate li-
gands could be modeled in only one chain of PDOKF1 struc-
ture. All figures of protein and ligand structures were prepared
using PyMol (57) and UCSF Chimera (58).

Homology modeling and molecular docking

Homology modeling was performed with Modeller 9.21
(59). The ROCH34 structure served as a template for the ho-
mology modeling of iPDOE6, while the NDORho (PDB id:
2B1X) structure served for PDORHA1. The alignment (Fig. S1)
was produced with the STAMP algorithm (60) implemented in
Multiseq (61). Two passes were performed with the following
parameters: similarity set to 3, comparison residues set to 10,
and slow scan option as performed in Capyk & Eltis, 2012 (62).
The program ESPript (63) was used for the visualization of
multiple sequence alignments. Molecular docking of iso-
phthalate and phthalate was carried out by docking using
AutoDock Vina (64). The ligand molecules of iPDOE6 were
prepared using ChemSketch (65). Autogrid4 was utilized for
the grid selection, and the dimensions of the box were set to
6 Å × 7 Å × 7 Å for iPDOE6, and 6 Å × 6 Å × 6 Å for PDORHA1.
The coordinates’ center points were at x = 23.91, y = 7.65, and
z = 45.48 for iPDOE6, and x = 25.12, y = 26.72, and z = 48 for
PDORHA1. A total of ten docking poses were evaluated based
on the proper distances of the substrates to the receptors, and
the best pose with the binding energy of −5.9 kcal mol−1 for
iPDOE6 and −7.2 kcal mol−1 for PDORHA1 was selected.

Data availability

The ROCH34 and PDOKF1 coordinates and structure factors
have been deposited in the Protein Data Bank (http://www.
rcsb.org/pdb) with accession numbers 7FHR, 7FJL, 7V25,
7V28. Other data are available from the corresponding author
upon reasonable request.
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