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Biphenyl dioxygenase (BPDO) catalyzes the aerobic transformation of biphenyl and various polychlorinated
biphenyls (PCBs). In three different assays, BPDOg;s, from Pandoraea pnomenusa B-356 was a more potent
PCB-degrading enzyme than BPDO, 4., from Burkholderia xenovorans LB400 (75% amino acid sequence
identity), transforming nine congeners in the following order of preference: 2,3’ 4-trichloro ~ 2,3,4’-trichloro >
3,3'-dichloro > 24,4'-trichloro > 4,4'-dichloro ~ 2,2’-dichloro > 2,6-dichloro > 2,2',3,3'-tetrachloro ~ 2,2’,5,5'-
tetrachloro. Except for 2,2',5,5'-tetrachlorobiphenyl, BPDOy;,-, transformed each congener at a higher rate than
BPDO ;;400- The assays used either whole cells or purified enzymes and either individual congeners or mixtures of
congeners. Product analyses established previously unrecognized BPDO; activities, including the 3,4-dihydroxy-
lation of 2,6-dichlorobiphenyl. BPDO, ;,,, had a greater apparent specificity for biphenyl than BPDOy;5,
koK, = 2.4 x 10° £ 0.7 X 10° M~ " s~ ' versus k_,/K,, = 0.21 x 10° £ 0.04 x 10° M~" s~"). However, the latter
transformed biphenyl at a higher maximal rate (k.,, = 4.1 = 0.2 s~" versus k,, = 0.4 = 0.1 s™'). A variant of
BPDO, ;400 containing four active site residues of BPDOy;, -, transformed para-substituted congeners better than
BPDO ;400 Interestingly, a substitution remote from the active site, A267S, increased the enzyme’s preference for
meta-substituted congeners. Moreover, this substitution had a greater effect on the kinetics of biphenyl utilization
than substitutions in the substrate-binding pocket. In all variants, the degree of coupling between congener
depletion and O, consumption was approximately proportional to congener depletion. At 24-A resolution, the
crystal structure of the BPDOy;5.—2,6-dichlorobiphenyl complex, the first crystal structure of a BPDO-PCB
complex, provided additional insight into the reactivity of this isozyme with this congener, as well as into the

differences in congener preferences of the BPDOs.

The microbial degradation of biphenyl has been well studied
as a potential means of remediating soils contaminated with
polychlorinated biphenyls (PCBs) (46). While the production
of PCBs has been banned in industrial countries due to the
adverse health effects that they cause in humans, these toxic
pollutants are persistent and remain widespread in the envi-
ronment (13). PCBs are aerobically transformed by the bph
pathway, a pathway comprising four enzymes that initiates the
catabolism of biphenyl. In most bacterial strains characterized
to date, the pathway transforms up to tetrachlorobiphenyls,
although some pathways can transform congeners containing
up to six chlorine substituents (8, 44). A critical step in im-
proving the microbial catabolic activities for the degradation of
PCBs is understanding the reactivity of the four enzymes of the
bph pathway for PCB metabolites.

Biphenyl dioxygenase (BPDO), the first enzyme of the bph
pathway, is a typical three-component, ring-hydroxylating di-
oxygenase that catalyzes the insertion of molecular oxygen into
an aromatic ring, forming cis-(2R,3S5)-dihydroxy-1-phenylcyclo-
hexa-4,6-diene (Fig. 1) (46). The oxygenase (BphAE) has an
a5B5 composition. Each a subunit (BphA) contains a Rieske-
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type Fe,S, cluster and a mononuclear iron center, located at
the enzyme’s active site. A reductase (BphG) and a ferredoxin
(BphF) function to transfer electrons from NADH to the
Rieske center of BphAE, where they are used in the hydroxy-
lation of the biphenyl at the mononuclear iron center. The
mechanism of dihydroxylation is thought to be very similar to
that of the naphthalene dioxygenase from Pseudomonas sp.
strain NCIB 9816-4, the best-characterized ring-hydroxylating
dioxygenase (35). BPDO is a major determinant of a bacteri-
um’s PCB-transforming capabilities. Studies on BPDOs from
different organisms have revealed significant differences in
congener (substrate) preference and regiospecificity. For ex-
ample, BPDOyyy,; and BPDO, g, from Pseudomonas alcali-
genes KF707 and Burkholderia xenovorans LB400, respectively,
show very different reactivities, although they share more than
95% sequence identity (21, 55). BPDO g4, preferentially trans-
forms ortho-substituted congeners containing up to six chlorines
(10, 43). This enzyme has the relatively unusual ability to catalyze
the 3,4-dihydroxylation of certain 2,5-substituted congeners, such
as 2,2',5,5'-tetrachlorobiphenyl (32). BPDOy 4 is also remark-
able in that it catalyzes the dehalogenation of certain 2-Cl
congeners, yielding 2,3-dihydroxybiphenyls (25, 50-52), the
substrate of the third Bph pathway enzyme. By contrast,
BPDOy -7 transforms a narrow range of PCB congeners and
catalyzes neither 3,4-dihydroxylation nor o-dechlorination.
Moreover, it preferentially transforms 4,4’-dichlorobiphenyl
over either 3,3'- or 2,2'-dichlorobiphenyl (24). A third enzyme,
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FIG. 1. Dihydroxylation of biphenyl by BPDO. The enzyme com-
prises a flavin adenine dinucleotide-containing reductase (BphG), a
Rieske-type ferredoxin (BphF), and an oxygenase that contains a
Rieske-type Fe,S, cluster and a catalytic mononuclear iron center.
Biphenyl is stereospecifically hydroxylated at positions 2 and 3, yielding
cis-(2R,3S)-dihydroxy-2,3-dihydrobiphenyl. ox, oxidized; red, reduced.

BPDOg;s4 from Pandoraea pnomenusa (formerly Comamonas
testosteroni [59]) B356, shares approximately 70% sequence
identity with both BPDOy 5, and BPDOy 3. Previous stud-
ies have indicated this enzyme’s preference for meta- > ortho- >
para-substituted dichlorobiphenyls (33), as well as its higher spe-
cific activity against biphenyl than that of BPDO, y.

Protein engineering efforts have yielded BPDO with im-
proved PCB-degrading capabilities, as well as insights into the
molecular basis of congener preference. Mutagenesis studies
of BphA; p40o and BphAy -, identified four regions (regions
I to IV) whose sequences influence the range of congeners
attacked (44). All four regions occur in the C-terminal domain
of BphA, consistent with the location of the oxygenase’s active
site. Substitution of individual residues in region III of
BphA; 400, comprising Thr335, Phe336, Asn338, and Ile341,
improved the ability of the enzyme to transform 4,4'-dichloro-
biphenyls, although the greatest improvements in activity were
achieved by multiple substitutions in this region, suggesting
that there is a cooperative or additive effect (4). Several studies
have since confirmed the importance of these residues in de-
termining the enzyme’s congener preference and regiospeci-
ficity (3-5, 36, 54). For example, BphAE,, a variant of
BphAE, g4, containing region III of BphAg;ss, is reported to
possess better PCB-degrading properties than either parental
enzyme (3). By contrast, BphAE,,,, which differs from
BphAE,;, by a single residue at position 267 (Ser, as in
BphAEg;s, instead of Ala, as in BphAE| 344), Was not able to
transform any of the PCBs tested.

Here, we report the characterization of four variants of
BPDO: BphAE; g400, BPhAEgss6, and two variants of these
enzymes generated via directed evolution, BphAE,, and
BphAE;,,,. The steady-state kinetic parameters for biphenyl of
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anaerobically purified non-His-tagged enzymes were deter-
mined, and the activities towards various PCB congeners were
investigated. The degree of uncoupling between O, utilization
and congener transformation was also determined for the dif-
ferent enzymes using different congeners. To validate previous
studies, activities determined using purified enzymes and
whole cells were compared, as were activities determined using
individual congeners and mixtures of congeners. Finally, a crys-
tal structure of the BphAE;5,—2,6-dichlorobiphenyl complex
was determined. The results are discussed in terms of the
proposed catalytic mechanism of ring-hydroxylating dioxygen-
ases and the specificities of the different BPDOs.

MATERIALS AND METHODS

Materials. Biphenyl was purchased from Aldrich (Mississauga, Ontario, Can-
ada). PCB congeners either were purchased from Accustandard (New Haven,
CT) or were kindly provided by Victor Snieckus (Queens University, Kingston,
Ontario, Canada). Restriction enzymes and T4 DNA polymerase were purchased
from New England Biolabs (Pickering, Ontario, Canada). Pwo DNA polymerase
was purchased from Roche (Laval, Quebec, Canada). Synthetic oligonucleotides
(see below) were purchased from the NAPS Service Unit at the University of
British Columbia (Vancouver, British Columbia, Canada). Ferene S was pur-
chased from ICN Biomedicals Inc. (Costa Mesa, CA). Acetonitrile, ethyl acetate,
and hexane (Fisher Scientific, Mississauga, Ontario, Canada) were high-perfor-
mance liquid chromatography (HPLC) grade. All other chemicals were reagent
grade or better.

Strains, media, and growth. Escherichia coli strains DH5« (27) and C41(DE3)
(42) were used for DNA propagation and protein overexpression, respectively.
The plasmids used in this study included pDB31-I19 and pDB31-1110 (3), pT7-7
(53), pT7-7AE3 (1), and pT7-6a (29). Strains harboring pDB31 or pT7 deriva-
tives were grown in the presence of ampicillin (100 mg/ml) or carbenicillin (15
mg/ml). Strains harboring pPAISC-1 were grown in the presence of tetracycline
(20 mg/ml). E. coli DH5a was cultured at 37°C and 250 rpm in Luria-Bertani
broth with the appropriate antibiotics. For BPDO expression, E. coli C41(DE3)
harboring the isc plasmid (1) and the appropriate pT7 vector was grown in
Terrific broth (56) supplemented with 0.1 mg/ml ferric ammonium citrate. Cul-
ture media were inoculated with 1% (vol/vol) of an overnight culture and grown
at 37°C until the optical density at 600 nm (ODy) reached 0.9 to 1.0. Expression
of the bphAE genes was then induced by addition of isopropyl-1-thio-B-p-galac-
topyranoside (IPTG) to a final concentration of 1 mM, and each culture was
transferred to 20°C (LB400, I19, and I110) or 25°C (B356) for an additional 18 h
before it was harvested by centrifugation. The harvested cell pellet was washed
twice with 500 ml of 25 mM HEPES (pH 7.3) containing 10% glycerol and frozen
at —80°C until use.

DNA manipulation. DNA was manipulated using standard protocols (49).
Plasmid DNA was purified using a Quantum Prep kit (Bio-Rad, Mississauga,
Ontario, Canada). To construct pT7119 and pT7II10, a 2,064-bp DNA fragment
containing bphAE was amplified from pDB31-119 and pDB31-1110, respectively,
using oligonucleotides II1910F-Ndel (5'-TACGGAACATATGAGTTCAGCAA
TCAAAGAAG-3") and I1910F-HindIII (5'-CATGAAGCTTGTACCCCCTAG
AAGAACTGC-3") (introduced restriction sites are underlined) and Pwo poly-
merase according to the manufacturer’s instructions (Roche, Laval, Quebec,
Canada). Thirty reaction cycles were performed as follows: 95°C for 45 s, 45°C
for 40 s, and 72°C for 2 min. The recovered amplicon was digested with Ndel/
HindIII and ligated to similarly digested pT7-7. The sequences of the final
constructs were verified at the NAPS Service Unit. To construct the pT7-6a
derivatives, the 1,347-bp bphAE fragments from pT7II9 and pT7II10 were di-
gested with EcoRV/SacllI and ligated into the corresponding sites of pT7-6a.

Protein purification. The BphAE terminal oxygenases were purified anaero-
bically as previously described (33). Accordingly, all preparations were manipu-
lated under an N, atmosphere (<2 ppm O,) using an MBraun Labmaster glove
box (Stratham, United States). Chromatography was performed with an AKTA
Explorer 100 (Amersham Pharmacia Biotech, Baie d’Urfé, Quebec, Canada)
interfaced to the glove box to minimize the oxygen content of the purification
buffers and protein fractions (58). The columns used were a Source 15Q anion-
exchange column (2 by 9 cm) and a Phenyl-Sepharose column (1 by 9 cm)
(Amersham Pharmacia Biotech). All buffers were prepared using water purified
with a Barnstead NANOpure UV apparatus to a resistivity greater than 17
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MQ - cm. Buffers were sparged with N, and equilibrated in the glove box for at
least 24 h prior to use.

His-tagged ferredoxin from B. xenovorans LB400 (ht-BphF; g,0) and His-
tagged reductase from P. pnomenusa B-356 (ht-BphGg;s6) were prepared using
the QIAexpress system from QIAGEN as described previously (18, 30).

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was performed us-
ing a 12% resolving gel and a Bio-Rad mini-Protean II cell. Gels were stained
with Coomassie blue according to standard protocols (38). Protein concentra-
tions were determined using the Bradford reagent (11), with bovine serum
albumin as a standard. For the purified enzymes, concentrations were deter-
mined spectrophotometrically using the appropriate extinction coefficients, as
follows: for BphAE, 5400, €455 = 10.1 mM ™! cm™! (25); for BphAEg;s6, £455 =
83 mM~! ecm™! (31); for BphF; ps00, €326 = 9 mM~! ecm™! (18); and for
BphGupsses €450 = 11.8 mM™! em™! (30). The extinction coefficients for
BphAEy and BphAE, determined in this study based on sulfur content, were
€455 = 84 mM ! em™! and g;55 = 9.6 mM ! cm™!, respectively. The sulfur
content was determined colorimetrically using N,N-dimethyl-p-phenylenedi-
amine and sodium sulfide as a standard (15). The value was used in the assays
performed with purified enzymes.

Steady-state kinetic measurements and data analysis. Enzymatic activity was
measured by following the consumption of O, using a Clark-type polarographic
O, electrode (model 5301; Yellow Springs Instruments, Yellow Springs, OH)
(58). The activity assay was performed in a thermojacketed Cameron Instrument
Co. model RCI respiration chamber (Port Aransas, TX) connected to a Lauda
model RM6 circulating bath. Data were recorded every 0.1 s, and initial veloc-
ities were calculated from the slope of the progress curve for each consecutive 6-s
interval.

The standard activity assay was performed in 1.4 ml (total volume) of air-
saturated 50 mM morpholineethanesulfonic acid (MES) (pH 6.0) (25°C). The
reaction mixture contained 150 wM biphenyl, 320 puM NADH, 3.6 pM ht-
BphF; g400, 1.8 pM ht-BphGgsse, and 0.6 uM BphAE. For PCBs, the biphenyl
was replaced with 50 wM of the appropriate congener. The assay was initiated by
adding the oxygenase after equilibration of the reaction mixture with all other
components for 30 s. The reaction buffer and stock solutions used in the assay
were prepared fresh daily. Stock solutions and protein samples were prepared
anaerobically. The electrode was zeroed on the day of use by adding an excess of
sodium hydrosulfite to the buffer in the reaction chamber. It was calibrated using
standard concentrations of catechol and an excess of catechol 2,3-dioxygenase.
Activity determinations were corrected for the consumption of O, observed in
the absence of oxygenase. One unit of enzyme activity is defined as the amount
of enzyme required to consume 1 pmol of O,/min under the conditions described
above. Apparent steady-state kinetic parameters for biphenyl were determined
by measuring rates of oxygen uptake in the presence of concentrations of biphe-
nyl ranging from 0.1 to 150 pM. The Michaelis-Menten equation was fitted to
initial velocities determined at different substrate concentrations using the least-
squares fitting and dynamic weighting options of LEONORA (17).

Coupling measurements. Coupling experiments were carried out using 50 mM
MES (pH 6.0) at 25°C, an excess of biphenyl or congener, 350 uM NADH, and
the same concentrations of BPDO components used in the standard activity
assay. Reactions were initiated by adding oxygenase and quenched 1 to 4 min
later by adding acetonitrile (1:1, vol/vol). Oxygen consumption was monitored
using the O, electrode. The amount of hydrogen peroxide was estimated using
catalase, 650 U of which was added to the reaction mixture at the time corre-
sponding to the acetonitrile quench. The amount of oxygen detected upon
addition of catalase was taken to represent 50% of the total hydrogen peroxide
produced during biphenyl transformation. The consumption of biphenyl was
determined by HPLC.

Depletion of PCB mixtures by purified BPDOs. Depletion assays were per-
formed in 12-ml glass vials sealed with Teflon caps in 1.0 ml (total volume) of
air-saturated 50 mM MES (pH 6.0) (25°C). The reaction mixture contained the
same concentrations of BPDO components as the standard oxygraph assay mix-
ture, 350 pM NADH, and 10 pM each of 3,3’-dichlorobiphenyl, 4,4'-dichloro-
biphenyl, 2,6-dichlorobiphenyl, 2,3,4’-trichlorobiphenyl, 2,3’ 4-trichlorobiphenyl,
2,4,4'-trichlorobiphenyl, 2,2',3,3'-tetrachlorobiphenyl, and 2,2',5,5’'-tetrachloro-
biphenyl (3). Reactions were initiated by adding oxygenase and quenched im-
mediately or 20 min later (each enzyme retained at least 60% of its activity after
20 min [data not shown]). After quenching, 2,2’,4,4’,6-pentachlorobiphenyl was
added as an internal standard, and the reaction mixture was extracted twice with
hexane. The hexane fractions were pooled, dried over anhydrous sodium sulfate,
and analyzed for PCB congener content by gas chromatography (GC)-mass
spectrometry (MS).

Whole-cell assays. E. coli C41(DE3) cells freshly transformed with the isc
plasmid and either pT7-6a, pT7II9a, or pT7II10a were grown at 37°C to mid-log
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phase, induced with 0.5 mM IPTG, and then grown at 22°C to an ODy, of 1.0.
Cells were then harvested, washed twice with 50 mM sodium phosphate (pH 7.5),
supplemented with 1 g/liter glucose, and resuspended in the same buffer at an
ODg of 2.0. One-milliliter portions of the suspension were distributed in 12-ml
glass vials with Teflon caps. An aliquot of the PCB mixture described above was
added to each vial such that the final concentration of each congener was 10 pM.
The reaction mixtures were shaken at 25°C at 225 rpm, and the reactions were
stopped after 0, 3, and 18 h by adding a drop of 1 N HCI. The reaction mixtures
were then frozen at —80°C. Assays were performed in duplicate. Controls con-
tained C41(DE3) cells without any plasmid and otherwise were treated the same.
An internal standard, 2,2’,4,4',6-pentachlorobiphenyl, was added to a final con-
centration of 10 pM. The samples were extracted twice with 1 ml of hexane,
pooled, dried over sodium sulfate, and transferred to GC vials. The PCB content
was analyzed as described above. Protein levels in the different strains were
verified using Sypro Ruby-stained denaturing gels (sodium dodecyl sulfate-poly-
acrylamide) of whole cells. Band intensities were quantified with ImageQuant 5.2
(Amersham Pharmacia). The levels of BPDO components were comparable in
all assays and corresponded to ~0.5 uM BphAE, 0.6 pM BphG, and 0.6 pM
BphF. The wild-type strains, B. xenovorans LB400 and P. pnomenusa B-356, were
cultured to mid-log phase at 29°C and 250 rpm in M9 medium (28) containing
0.01% (wt/vol) biphenyl as the sole carbon source. The cultures were filtered on
glass wool to get rid of residual biphenyl. The cells were harvested by centrifu-
gation, washed once with M9 medium, and suspended in M9 medium to an
ODgq of 2.0. One-milliliter portions of the suspensions were distributed into
20-ml glass vials with Teflon caps. Each tube received 10 .l of a synthetic mixture
dissolved in acetone that added 1 pM of each of six congeners (2,6-dichlorobi-
phenyl, 2,4,4'-trichlorobiphenyl, 2,3’,4-trichlorobiphenyl, 2,3,4’-trichlorobiphe-
nyl, 2,2',5,5'-tetrachlorobiphenyl, and 2,2",3,3'-tetrachlorobiphenyl), 5 uM of
two congeners (3,3'-dichlorobiphenyl and 4,4’-dichlorobiphenyl), and 1 pM
2,2',3,3',4,5,5',6,6'-nonachlorobiphenyl (an internal standard). Incubation was
carried out at 250 rpm at 29°C for 18 h. PCBs were extracted with three 1-ml
portions of hexane and processed similar to metabolites generated using E. coli
cells. All values reported in the present study are averages from triplicate ex-
periments.

Characterization of the transformation product of 2,4,4’-trichlorobiphenyl
and 2,6-dichlorobiphenyl by BPDOgsss. To characterize the BPDOgjss4-cata-
lyzed transformation product of 2,4,4'-trichlorobiphenyl, two reactions were car-
ried out in parallel. Each mixture contained 600 uM of the substrate, 1.4 mM
NADH, 5 pM ht-BphG, 15 pM ht-BphF, and 3 pM BphAE. After 30 min,
reactions were quenched with acetonitrile, and the product was purified by
HPLC and dried under a stream of nitrogen. The sample was resuspended in
acetone-d6 and analyzed using a 500-MHz Varian nuclear magnetic resonance
(NMR) spectrometer (Department of Chemistry, University of British Colum-
bia). To characterize the products of the BPDOp;s4-catalyzed transformation of
2,6-dichlorobiphenyl, reactions were performed at 37°C in 200-ml mixtures that
contained 10 uM BphAE, 10 pM ht-BphF, 5 pM ht-BphG, 100 uM substrate,
and 1 mM NADH. Ethyl acetate was added after 5 min of incubation to stop the
reaction and to extract the metabolites. The latter were derivatized using butyl-
boronate and analyzed by GC-MS as previously described (3).

HPLC and GC-MS analyses. HPLC analyses were performed using a Waters
2695 Separations module equipped with a Waters 2996 photodiode array detec-
tor and a C,;g3 Waters Nova-Pak column (3.9 by 150 mm; Waters Limited,
Mississauga, Ontario, Canada). The instrument was operated at a flow rate of 1
ml/min. Biphenyls were eluted with a 20-ml gradient of 50% to 90% acetonitrile
in H,O. Samples (100 pl) were injected, and the amount of biphenyl was deter-
mined from the area of the absorbance peak at the appropriate wavelength using
a standard curve. GC-MS was performed using an HP-5MS equipped with an
Agilent column (19091S-433; 0.25 mm by 30 m by 0.25 mm; Agilent, Mississauga,
Ontario, Canada). The instrument was run at a flow rate of 53.5 wl/min and a
pressure of 10.7 Ib/in?, with the oven temperature ramping from 40 to 280°C.
Samples (2 pl) were injected in a splitless mode, and the amount of biphenyl was
determined from the area of the corresponding peak at the appropriate m/z using
a standard curve. For HPLC and GC-MS, standard curves for biphenyl were
established by determining the peak areas of known amounts of the biphenyl.
Samples for standard curves were treated in the same way as reaction mixtures
to account for losses of biphenyl that may have occurred during sample manip-
ulation. All standard curves had correlation factors higher than 0.99.

Crystallization of BphAEg;54 and preparation of the BphAEg;5,-2,6-dichlo-
robiphenyl complex. BphAEg;s, was crystallized by the sitting-drop vapor dif-
fusion method at 21°C under an N, atmosphere in a glove box (Innovative
Technologies, Newburyport, MA) maintained at =<2 ppm O,. The typical protein
sample contained 8 mg/ml BphAE 354, 25 mM HEPES (pH 7.3), 10% (vol/vol)
glycerol, 10% (vol/vol) ethanol, 0.25 mM ferrous ammonium sulfate, and 2 mM
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TABLE 1. Purification of oxygenase variants®
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Enzyme Purification step protz iOIIa(lmg) actiz?t;al(U) Sp act (U/mg) Yield (%)
BphAE; 400 Crude extract 1,069 32 0.03 (0.01) 100
Source Q 72 7 0.10 (0.02) 22
Phenyl-Sepharose 15 3 0.22 (0.03) 9
BphAEg;s6 Crude extract 1,200 600 0.5(0.1) 100
Source Q 153 230 1.5 (0.5) 38
Phenyl-Sepharose 41 164 4.0 (0.3) 27
BphAE Crude extract 2,196 198 0.09 (0.03) 100
Source Q 105 32 0.3 (0.1) 16
Phenyl-Sepharose 41 25 0.6 (0.1) 13
BphAE,, Crude extract 1,314 40 0.03 (0.02) 100
Source Q 174 17 0.12 (0.03) 43
Phenyl-Sepharose 28 8 0.30 (0.02) 20

“ One unit of enzyme activity is defined as the amount of enzyme required to consume 1 wmol of O,/min. Standard deviations (n = 4) are indicated in parentheses.

dithiothreitol. Crystals of BphAEg;5¢ were prepared by combining 3 ul of the
protein sample with 3 ul of a reservoir solution containing 100 mM MES (pH
6.0) and 16% (vol/vol) 2-propanol and incubating the preparation with 1,000 .l
of reservoir solution. Crystals had been grown previously from citrate-buffered
solutions, but the presence of citrate tended to reduce the occupancy of Fe in the
active site (16). The BphAEg;54,—2,6-dichlorobiphenyl complex was formed by
adding 2,6-dichlorobiphenyl (solid) to protein crystals sitting in the original
mother liquor droplet and incubating the preparation for 7 days. Longer incu-
bation times apparently damage the crystals inasmuch as the diffraction patterns
had lower resolution and overall quality.

Diffraction data measurement and processing. Crystals were preserved by
flash freezing in liquid nitrogen following a very short immersion in a solution
similar to the reservoir solution except that the 2-propanol was replaced with
20% glycerol. Diffraction data were acquired from crystals cooled by an N, gas
stream at a nominal temperature of 100K. For preliminary experiments, the
primary equipment included a Cu rotating anode generator equipped with dou-
ble focusing mirrors or focusing multilayer optics and an R-axis IV++ imaging
plate detector (Rigaku/MSC). Data were also measured using monochromatic
synchrotron radiation (wavelength, 1.0 A) and the facilities of SERCAT beam-
line 22-ID at the Advanced Photon Source, Argonne National Laboratory. The
detector was a MarMosaic 300 charge-coupled device detector (Mar USA, Inc.,
Evanston, IL). The HKL2000 program suite was used to analyze the diffraction
patterns, as well as to merge, scale, and reduce observed intensities. Analysis of
the intensity distribution using the program DETWIN from the CCP4 software
suite (16a) indicated approximately 20% twinning.

Structure determination and refinement. The new crystals grown from MES-
buffered solutions and the prior crystals from citrate-buffered solutions were
essentially isomorphous. Thus, a previously refined model for the latter crystals
(16) provided initial phases by straightforward molecular replacement using the
program MOLREP (57) from the CCP4 v.4.2 software suite (16a). Restrained
refinement was carried out with REFMACS5 (45) without adjusting intensities for
twinning. Solvent molecules were added using ARP-wARP (39) and were man-
ually inspected in O (34) and COOT (19). Coot and O were also used for
calculation of density maps or for visualization of maps generated with REF-
MAC. The final model has an Ry, of 20.5% and an Ry, value of 26.3%.

Modeling of BphAE, 3440 The structure of the BphAE p,40-biphenyl complex
was modeled using the interactive mode of the 3D-JIGSAW protein comparative
modeling server (7) and the crystallographic coordinates of the BphAEgja -
biphenyl complex (ProteinData Bank identifier 1TULJ) (23).

RESULTS

Purification and characterization of BPDO. Relevant details
of the anaerobic purification of the BPDOs are summarized in
Table 1. The enzymes were greater than 90% pure as esti-
mated from denaturing gels, comparable to previous prepara-
tions of aerobically and anaerobically purified BPDOgas, (30,
33). Anaerobically purified BphAE, 3409, BPhAEg;s6, BphAE, o,

and BphAE;,, had specific activities of 0.2, 4, 0.6, and 0.3 U/mg,
respectively. The sulfur contents of the oxygenase preparations
ranged from 5.7 to 5.9 mol of S per a;B; hexamer. The iron
contents ranged from 8.1 to 9.6 mol per hexamer. These values
indicate that the BphAEs contained full complements of the
Rieske-type [2Fe-2S] cluster and mononuclear Fe*" center. Un-
der aerobic conditions, the absorbance spectrum was character-
istic of an oxidized Rieske-type [2Fe-2S] cluster, with maxima at
323 and 455 nm and a shoulder at 575 nm (data not shown). The
ratios of the absorbance at 280 nm to the absorbance at 323 nm
of the oxidized BphAEs ranged from 7 to 8.5.

Steady-state utilization of biphenyl. Steady-state kinetic
analyses of the initial rate of oxygen uptake as a function of
biphenyl concentration (0.1 to 150 wM) indicated that each of
the four BPDO variants exhibited Michaelis-Menten behavior.
The apparent kinetic parameters for each of the four enzymes
are shown in Table 2. Of the four variants, BPDO, 54, pos-
sessed the highest apparent specificity constant (k.,/K,,) for
biphenyl, which was approximately 10-fold greater than that of
BPDOg;56. By contrast, BPDOg,5, exhibited the highest turn-
over number (k.,). The kinetic parameters for biphenyl re-
ported here for BPDOg,s, are similar in magnitude to those
reported previously (33). However, direct comparison is not
possible as the assay conditions were modified to facilitate
comparison of all four isozymes. The steady-state parameters
of BPDOy;, and BPDOy,,, for biphenyl fell between those of
the two parent enzymes. However, BPDO;;, was more similar
to BPDOy g400- In each of the four enzymes, the consumption
of O, was well coupled to the consumption of biphenyl (Table
2). That is, in the presence of a saturating concentration of
biphenyl (150 wM), the amount of biphenyl consumed corre-
sponded to the amount of O, utilized within experimental
error. Moreover, no hydrogen peroxide, a possible uncoupling
product, was detected upon the addition of catalase to reaction
mixtures.

Reactivity of BPDO variants with individual chlorinated
biphenyls. Steady-state kinetic parameters for chlorinated bi-
phenyls were not determined in the current study due to the
low solubilities of the congeners, the low activities of the
isozymes, and the poor coupling of the transformation of
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TABLE 2. Apparent kinetic parameters and coupling constants of BPDOg355, BPDO| 400, BPDOyy9, and BPDOyy,, using
biphenyl as the substrate®

Enzyme K, (LM) kear 571 keaK,, (106 M1 571 Biphenyl/O, H,0,/0,
BPDOg;s6 20 (4) 4.1(0.2) 0.21 (0.04) 1.0 (0.2) ND
BPDOy g400 0.18 (0.03) 0.4 (0.1) 2.4(0.7) 1.1(0.1) ND
BPDOyy, 0.3(0.2) 0.67 (0.08) 2(1) 1.0 (0.1) ND
BPDOyy,, 2(1) 1.03 (0.05) 0.5 (0.3) 0.9 (0.2) ND

¢ Experiments were performed using 50 mM MES (pH 6) at 25°C. The values are means (n = 4 to 6), with standard deviations in parentheses. ND, not detected.

Additional experimental details are provided in Materials and Methods.

the more chlorinated biphenyls to O, consumption. For these
reasons, the reactivity of each BPDO with each of five chlori-
nated biphenyls was examined using a single congener concen-
tration (50 wM). The rates of congener and O, depletion are
summarized in Table 3. Of the four isozymes, BPDOg;s,
showed the best congener-transforming activity: it transformed
each of the five congeners at rates that equaled or exceeded
those of the other isozymes. Of particular note, BPDOgss,
depleted 2,2'-dichlorobiphenyl as well as BPDOy g440. By con-
trast, BPDOyy, o had the poorest ability to transform congeners,
significantly depleting only 2,2'- and 3,3’-dichlorobiphenyls.
The overall congener depletion activity of BPDOy,, was inter-
mediate between those of the two parental enzymes, except for
4,4'-dichlorobiphenyl, which BPDOy;, transformed more
slowly than either parental enzyme. None of the four enzymes
transformed any of the congeners tested significantly faster
than biphenyl. Except for the transformation of 2,2’-dichloro-
biphenyl by BPDO,;y andBPDO 5,4, congener and O, con-
sumption were uncoupled. In most cases, the O, that was not
incorporated into the PCB was detected as H,O,. However,
not all uncoupling resulted in H,O, production, suggesting
that H,O was also produced in some cases.

Transformation products of 2,4,4'-trichlorobiphenyl and
2,6-dichlorobiphenyl. The relatively rapid transformation of
2,4,4'-trichlorobiphenyl by BPDOy;5, was unexpected in light
of previous reports that the enzyme transforms double para-
substituted congeners poorly (1, 3). To better characterize this
transformation, the reaction product was purified and found to
absorb maximally at a N of 293.5 nm, which is within the range
of Nhaxs Of other dihydrodiols (2). When the transformation
was performed in the presence of additional Bph enzymes, the
bright yellow ring-cleaved product was observed when BphB
and BphC were added to the reaction mixture but not

when BphC alone was added. This result indicates that the
BPDOyg;54-catalyzed dihydroxylation of 2,4,4’-trichlorobiphe-
nyl did not involve a dehalogenation as this is expected to yield
a catechol, the substrate of BphC. Analysis of the dihydrodiol
by 'H NMR identified it as 2,3-dihydro-2,3-dihydroxy-2',4,4'-
trichlorobiphenyl (Fig. 2). In particular, the values of the
chemical shifts and coupling constants [4.5 (1H, d, J = 6 Hz,
H,/H;), 495 (1H, d,J = 6 Hz, H,./H;,), 6.12 (1H, d, J = 6.1
Hz, Hs/Hg ), and 6.43 (1H, d, J = 6.1 Hz, Hs./Hg ] were
consistent with the presence of four protons on the nonaro-
matic ring (excluding the hydroxyl protons), which are upfield
of the aromatic ring due to the shielding effect of the —OH
groups. Moreover, the chemical shifts were comparable to
values predicted using ChemDraw Ultra 7.0 (CambridgeSoft,
Cambridge, MA), as well as to those of similar chlorinated
2,3-dihydroxybiphenyls (5, 48). Overall, these results demon-
strate that BPDOg;5, catalyzes the 2,3-dihydroxylation of the
monochlorinated ring of 2,4,4’-trichlorobiphenyl.
Transformation products of 2,6-dichlorobiphenyl were
characterized by GC-MS (Fig. 3). BPDOyg;5,, BPDO,y, and
BPDO, 4 each transformed this congener to a mixture of
two dichlorodihydrodihydroxybiphenyls. More specifically, the
butylboronate derivatives of these compounds yielded mass
spectra with the characteristic molecular ion (m/z 322) and a
fragmentation pattern reflecting loss of a chlorine radical (m/z
287), the n-butyl moiety (m/z 265), the C,H,BO moiety (m/z
238), and the n-C,H,BO, moiety (m/z 222) (40). The data did
not identify the location of the hydroxyl groups. However,
BPDO; 4, catalyzes the 2,3-dihydroxylation of 2-chlorobi-
phenyl, 3-chlorobiphenyl, and 2,5-dichlorobiphenyl on the un-
chlorinated ring (26), suggesting that the major metabolite
produced from 2,6-dichlorobiphenyl (representing 85% of to-
tal dihydrodiol produced by BPDOy;se) is 2,6-dichloro-2',3'-

TABLE 3. Reactivities of purified BPDOs with individual congeners®

BPDOg;s6 BPDO 490 BPDOy;9 BPDOyy
Congener Activity (nmol Activity (nmol Activity (nmol Activity (nmol

biphenyl/min) H,0,/0, biphenylmin) 129702 ishenyljmin) H,0,/0, biphenylmin) 1202702
Biphenyl 553 (0.6) ND 12 (4) ND 42) ND 25 (1) ND
3,3'-Dichloro 322(02) 0.2 (0.04) 6(2) 0.3 (0.1) 6(2) 0.31 (0.01) 10 (1) 0.6 (0.3)
2,4,4'-Trichloro 205(03) 031 (0.02) 1L1(03) 0702 8 (1) 0.5 (0.1) ND ND
2,2'-Dichloro 15 (1) 0.6 (0.2) 15 (4) ND 12 (2) ND 16 (4) 0.4 (0.1)
44'-Dichloro 9(5) 0.4(0.2) 39(03)  04(0.2) 1(0.4) 0.15 (0.05) ND ND
2,6-Dichloro 6(1) 0.4 (0.1) 1.5 (0.6) 0.9 (0.1) 5(1) 0.4 (0.2) ND ND

¢ Experiments were performed using 50 mM MES (pH 6) at 25°C. Each substrate was tested individually using a final concentration of 50 WM. The values are means
(n = 3 to 5), with standard deviations in parentheses. ND, not detected. Additional experimental details are provided in Materials and Methods. The activities obtained
using biphenyl are not comparable to the parameters reported in Table 2 as depletion was determined after 1 min.
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FIG. 2. NMR spectrum of the product of 2,4,4'-trichlorobiphenyl dihydroxylation by BPDOg,ss. 'H NMR (300 MHz, acetone-dg, 8): 4.5 (1H,
d,J = 6 Hz, H,/H;.), 495 (1H, d, J = 6 Hz, H,/H3,), 6.12 (1H, d, J = 6.1 Hz, Hs/Hy/), 6.43 (1H, d, J = 6.1 Hz, Hs,/Hy.), 7.65 (2H, d, J = 2 Hz,
Hs/Hs/Hg), 7.5 (1H, d, J = 2 Hz, H3/Hs/H¢). The data collected were insufficient to assign protons 3, 5, 6, 5', and 6’ to a specific chemical shift.
The intensity of the peak for H,,/H; was affected by the water signal suppression specified in the instrument.

dihydro-2',3’-dihydroxybiphenyl. Moreover, no monochlori-
nated dihydroxybiphenyl, the expected product of 2,3-dihydroxy-
lation of the chlorinated ring, was detected, indicating that the
second metabolite results from 3,4-dihydroxylation of one of the
rings.

Depletion of PCB mixtures by purified BPDOs. The activi-
ties of the purified BPDOs were investigated using a previously
described mixture of eight congeners (3): 3,3'-dichlorobiphe-
nyl, 4,4'-dichlorobiphenyl, 2,6-dichlorobiphenyl, 2,3,4'-trichlo-
robiphenyl, 2,3',4-trichlorobiphenyl, 2,4,4'-trichlorobiphenyl,
2,2',3,3'-tetrachlorobiphenyl, and 2,2',5,5'-tetrachlorobiphe-
nyl. The percent depletion of each congener in the mixture
after 20 min is shown in Table 4. Consistent with the assays
performed with individual congeners, BPDOg,5, showed the
best congener-transforming activity; it was the only variant that
significantly depleted all congeners and, with the exception of
2,3,4'-trichlorobiphenyl and 2,2',5,5'-tetrachlorobiphenyl, de-
pleted each congener more completely than any of the other
variants. Indeed, BPDOg,s, was the only variant that detect-
ably depleted 2,6-dichlorobiphenyl, 3,3’-dichlorobiphenyl, and
4,4'-dichlorobiphenyl. By contrast, BPDO, g4, detectably de-
pleted only four of the congeners in the mixture. However, it
depleted 2,3,4'-trichlorobiphenyl and 2,2',5,5'-tetrachlorobi-
phenyl faster than BPDOg,se. The activity of BPDOy;, was
similar to that of BPDO, g4, while BPDOy,, had the lowest
overall depletion activity. Nevertheless, both BPDO,;, and
BPDOy,, depleted 2,3,4'-trichlorobiphenyl more efficiently
than either parental enzyme.

Depletion of a PCB mixture by whole cells. The abilities of
BPDO; 549, BPDOyy, and BPDOyy,, to deplete congeners in a
mixture were also tested using whole cells. The bphAE genes were
coexpressed with bphFG g, in E. coli C41(DE3) (29). Overall,
the whole-cell assays mirrored the apparent substrate preference

observed in the enzyme assays, but the levels of depletion were
higher in the former (Table 5). Interestingly, cells expressing
BPDOy,, depleted every congener tested and did so at higher
rates than cells expressing BPDO ,,. Although the high activity
of BPDOy,, in whole cells was similar to that of BPDOg;s, in
purified enzyme assays, the apparent substrate preference of
these two enzymes was still different. Whole cells containing
BPDOyy,, did not degrade any of the congeners. The abilities of
strains B. xenovorans LB400 and P. pnomenusa B-356 to deplete
congeners in a mixture were similarly tested (Table 5). Thus, the
substrate preference of BPDO; 44, With the mixture of congeners
was 2,3’ A-trichlorobiphenyl > 2,2')5,5'-tetrachlorobiphenyl ~
2,2',3,3'-tetrachlorobiphenyl > 2,3,4’-trichlorobiphenyl ~ 3,3’-
dichlorobiphenyl > 2,4,4'-trichlorobiphenyl > 4,4’-dichlorobi-
phenyl ~ 2,6-dichlorobiphenyl. The substrate preference of
BPDOyg;s, with the mixture of congeners was 2,3’ ,4-trichloro-
biphenyl = 2,3,4'-trichlorobiphenyl > 3,3’-dichlorobiphenyl >
2,6-dichlorobiphenyl = 2,4,4’-trichlorobiphenyl > 2,2',5,5'-tet-
rachlorobiphenyl ~ 2,2',3,3'-tetrachlorobiphenyl = 4,4'-di-
chlorobiphenyl. The reactivity of mutant BPDO,,, was closer
to that of BPDOy 4y 2,3,4'-trichlorobiphenyl > 2,3',4-tri-
chlorobiphenyl > 2,2',5,5'-tetrachlorobiphenyl = 2,2',3,3'-tetra-
chlorobiphenyl ~ 2,4,4'-trichlorobiphenyl > 4,4'-dichlorobiphe-
nyl ~ 2,6-dichlorobiphenyl ~ 3,3’-dichlorobiphenyl.

Structure of a BphAEg;;.—2,6-dichlorobiphenyl complex.
Crystals of the complex were in space group R3 with the hex-
agonal cell parameters ¢ = 136.3 A and ¢ = 107.0 A, and the
asymmetric unit included one af protomer. Diffraction to
2.4-A resolution was measured from the best crystal, with an
overall completeness of 89% and an overall redundancy of 3.1
measurements per unique reflection; the completeness and
redundancy were 64% and 1.6, respectively, in the in the last
shell. R, was 14.2% overall and 44.9% in the last shell, where

sym
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FIG. 3. GC spectra of butylboronate-derived metabolites of 2,6-dichlorobiphenyl produced by BPDO,;y, BPDOgss4, and BPDO 4. The mass
spectra of metabolites 1 and 2 are characterized by major ions at m/z 322, 287, 265, 238, and 222, which are characteristic features for
dihydro-dihydroxy-dichlorobiphenyls (see Results fore more details). The exact location of the hydroxyl groups on the biphenyl ring cannot be
determined precisely. However, one of the two metabolites must result from a meta-para oxygenation on either the chlorinated or nonchlorinated
ring. The metabolites are thus tentatively identified as the 2,6-dichloro-3,4-dihydro-3,4-dihydroxybiphenyl and 2,6-dichloro-2’,3'-dihydro-2',3'-

dihydroxybiphenyl.

Rym = > DUlwas — Ludl/ > Dl Twas is the intensity of the
hkl i=1 ni i=1

i'" observation of reflection hkl from the asymmetric unit in
reciprocal space, and I, is the mean of n observations. The
mean values of //o(I) were 11.9 overall and 2.3 for the data in
the last shell. The refined model includes residues 18 to 457
from the « subunit, residues 1 to 186 from the B subunit, one
molecule of 2,6-dichlorobiphenyl, and 124 water molecules. An
R value of 20.5% was obtained for the structure factors used in
the refinement; R;.. was 26.3% for the data reserved for
validation. The average B factor was 41 A? for all atoms.

h

TABLE 4. Depletion of a PCB mixture by purified BPDOs*

% Depletion with:
Congener

BPDOgjss  BPDOyps9  BPDOyy  BPDOyyq
2,6-Dichloro 21 (11) <10 <10 <10
3,3'-Dichloro 29(11) <10 <10 <10
4,4'-Dichloro 13 (5) <10 <10 <10
2,3" 4-Trichloro 80 (14) 57(5) 35 (13) 18 (11)
2,4,4'-Trichlorol 21(5) <10 104) <10
2,3,4'-Trichloro 49 (5) 65 (18) 82(9) 73 (23)
2,2',5,5'-Tetrachloro 19 (12) 51 (13) 25(12) 23 (14)
2,2',3,3'-Tetrachloro 18 (12) 16 (4) 16 (6) 10 (3)

“ Assays were performed using 50 mM MES (pH 6) 25°C. The values are
means, with standard deviations in parentheses (n = 4 to 6). Additional exper-
imental details are provided in Materials and Methods.

Following refinement of the protein and water atoms,
2,6-dichlorobiphenyl was clearly represented in the (Fo-Fc)
map by positive density at 3.00. The electron density maps
indicate a single binding mode for 2,6-dichlorobiphenyl, and
this mode is consistent with hydroxylation of C-2" and C-3’
on the nonchlorinated ring; in particular, (Fo-Fc) maps pre-
sented no evidence for an alternative binding mode that
would support hydroxylation of the C-3'—C-4’ bond. Super-
position of the BphAEg;54—2,6-dichlorobiphenyl complex

TABLE 5. Depletion of a PCB mixture by E. coli cells
expressing BPDOs”

% Depletion with:

Congener BPDOj 499 BPDOyy BPDOyyy Wild types

3h 18 h 3h 18h 18 h LB400 B356
2,6-Dichloro <10 <10 39 100 <10 0 89 (17)
3,3’-Dichloro 26 79 38 100 <10 78(11) 98
4,4'-Dichloro 11 18 39 100 <10 11 88 (13)
2,3",4-Trichloro 49 100 67 100 <10 96 100 (5)
2,4,4'-Trichloro 18 37 36 99 <10 45(6) 45(6)
2,3,4'-Trichloro 26 80 89 100 <10 89 (17) 100 (5)
2,2'5,5'-Tetrachloro 40 100 45 99 <10 80(8) 32(6)

2,2"3,3"-Tetrachloro 39 100 35 96 <10 92(10) 32(5)

“ The values are means (n = 3 to 5). Standard deviations were less than 5%
except where indicated in parentheses. The results obtained for BPDOyy,, were
the same at 3 and 18 h. Additional experimental details are provided in Materials
and Methods.
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FIG. 4. Crystal structure of the BphAEg;5,—2,6-dichlorobiphenyl complex. In this stereoscopic drawing carbon atoms from the protein and
biphenyl are yellow and gray, respectively. Nitrogen, oxygen, sulfur, chlorine, and iron atoms are blue, red, orange, green, and magenta,
respectively. Protein residues are identified by sequence numbers and the standard one-letter codes.

and the BphAE4;-biphenyl complex (23) (either on the
basis of the active site Fe and its ligands or on the basis of
the Ca models) indicated that the C-2—C-3 bond of biphe-
nyl and the C-2'—C-3’ bond of 2,6-dichlorobiphenyl are in
similar locations relative to each other and to their respec-
tive Fe atoms. In the superposed models, the normals to the
reactive ring planes are within 10° of each other, the C-2 and
C-2' positions are 0.4 A apart, the C-3 and C-3' atoms are
0.2 A apart, and the distances from C-2/C-3 and C-2'/C-3’ to
their respective active Fe atoms are all in the range from 4.3
to 4.6 A. The angle between the planes of the two aromatic
rings is 70° for 2,6-dichlorobiphenyl in the complex with
BphAEg;s, and 60° for biphenyl in the complex with BphA-
Eruai- The consistency in binding modes supports a con-
clusion that the ring presented to the Fe atom is in a pro-
ductive location and orientation.

As illustrated in Fig. 4, the reactive ring is in nonbonded
contact with the side chains of GIn226, Phe227, Met231,
His321, Leu331, and His233 (one of the ligands to the Fe
atom) and with the carbonyl groups of GIn226 and Asp230.
Five of the six ring atoms are in nonbonded contact with
multiple atoms. By contrast, only four of the ring atoms in the
chlorinated ring are in contact with side chain atoms, each of
the four ring atoms makes contact with only a single protein
atom, and only three protein atoms are involved, Cy2 of
11e283, C81 of Ile334, and C{ of Phe376 (two contacts). Thus,
it seems that the distal ring pocket would place few restrictions
on the binding of a nonchlorinated ring and presents sufficient
space to accommodate chlorination at any position. One Cl
atom lies close to the active Fe in contact with the CB atom of
Ala234 as well as the Fe ligands, His233 and His239. The other
Cl atom binds in contact with the backbone atoms of GIn320
and His321 and with the side chain of Leu331.

Model of the BphAE, j;,,-biphenyl complex. To better un-
derstand the molecular basis of the differences in congener
specificity of the BPDOs, the structure of the BphAE; g4
biphenyl complex was modeled on the basis of the crystallo-
graphic coordinates of the BphAEg;.,-biphenyl complex

(23). The two proteins share 70% sequence identity, and the
modeling score was 3.8/4. The « carbons of BphA; 5.4, had
root mean square deviations of 0.74 A and 0.64 A with those of
BphAgia; and BphAg;se (16; C. L. Colbert and J. T. Bolin,
personal communication), respectively. Overall, the biphenyl-
binding pocket of the modeled BphAE, 5, is expected to be
smaller than that of BphAEg,, because it includes more ar-
omatic residues. In the hypothetical model of BphAE, ., the
first shell residues of the biphenyl-binding pocket include
GIn226, Phe227, Met231, His323, Leu333, Phe336, and
Phe384. Among the residues that are substituted in BphAE;,
and BphAE,,,, Phe336 is expected to help define the biphe-
nyl-binding pocket; residues 335, 338, and 341 may exert indi-
rect effects. The model predicts that Phe336 is approximately 1
A closer to C-4 of the distal ring of the bound biphenyl than
the equivalent residue in BphAEg;s,, [le334. Residue 267,
which is also substituted in BphAE,, is remote from the
active site; it is located more than 20 A from the closest mono-
nuclear iron in the a;B5 oxygenase.

DISCUSSION

This study establishes that BPDOy;s, transforms PCBs bet-
ter than BPDOy 5,0, an enzyme that has been well studied for
its potent PCB-transforming ability, and provides insight into
the molecular basis for this activity. The PCB-transforming
activities were compared using three different experimental
designs: purified enzyme and individual congeners, purified
enzyme and a mixture of congeners, and whole cells and a
mixture of congeners. This comparison established the validity
of each of the individual approaches. Moreover, the current
study made use of anaerobically purified preparations of non-
tagged oxygenases to maximize the specific activity and stabil-
ity of the oxygenases.

The higher apparent specificity constant for biphenyl of
BPDO, 5400 than of BPDOg;s, is consistent with what has
been previously reported (3). However, the current finding that
the K,,, of BPDOy;5, for biphenyl is 100-fold higher than that
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of BPDO 4 contradicts previous results obtained with His-
tagged enzymes indicating that the enzymes have similar K,
values for biphenyl (3). This could reflect the influence of the
His tag or the lower sensitivity of the assay used. Similarly,
previous studies with aerobically prepared His-tagged oxygen-
ases had indicated that BPDO,;, and BPDO,;;, were more
active than BPDOy;5, (3). The kinetic parameters of mutants
BPDO,;, and BPDOy,, for biphenyl are within the range of
those of their parental enzymes. This is consistent with the
observation that most engineered BPDOs described to date
degrade biphenyl at lower rates than their parental enzymes
(28, 54, 60) and likely reflects the optimization of the parental
enzymes for their natural substrate.

The similar results obtained from the three congener deple-
tion assays demonstrate that appropriately designed experi-
ments may be compared. Small differences between the assays
may be rationalized. Thus, the rate of depletion of the indi-
vidual congeners was lower in the presence of competing con-
geners, consistent with previous studies (9) and the fact that
multiple substrates compete for the same active site. More-
over, enzymes in whole cells transformed congeners faster than
the reconstituted dioxygenases, consistent with previous re-
ports (10, 24). It seems unlikely that these differences arise
from a lower quality of the purified BPDO components com-
pared with those in the cell as the former were prepared
anaerobically and were highly active. Such differences may be
due to the higher relative levels of BphAE inside the cells,
which were estimated to be 3 orders of magnitude higher than
those in the in vitro assay when the number of E. coli cells and
their individual volume were considered. Overall, while data
obtained with purified enzymes are essential for mechanistic
and biochemical studies, assays performed using whole cells
provide valuable insights into the physiological behavior of the
enzyme.

A major finding of the current study is that BPDOyg;s, is a
potent PCB-degrading enzyme: it was more active than the
other purified BPDOs against all congeners tested with the
exception of 2,2',5,5'-tetrachlorobiphenyl (Tables 3 and 4).
Characterization of the transformation products of 2,6-dichlo-
rorbiphenyl and 2,4,4’-trichlororbiphenyl confirmed the previ-
ously unreported ability of BPDOpg,5, to transform these con-
geners and also provided the first evidence that this enzyme
catalyzes the 3,4-dihydroxylation of some congeners. The
transformation of 2,2',5,5'-tetrachlorobiphenyl by BPDOgj;5,
may also involve 3,4-dihydroxylation. The current study is nev-
ertheless consistent with previous reports of the apparent sub-
strate preference of BPDOy;s, (meta- > para- > ortho-dichlo-
robiphenyls) (33), as well as the enzyme’s ability to degrade
2,3 4-trichlorobiphenyl, 2,3,4'-trichlorobiphenyl, and 3,3'-di-
chlorobiphenyl (3). The low activity of BPDOy;5, against other
congeners reported in the latter study perhaps reflects the
assay, which used whole cells expressing His-tagged enzyme.
Recent studies using His-tagged preparations have since con-
firmed that BPDOg,s4 transformed 2,6-dichlorobiphenyl better
than either BPDO 40, 0r BPDOp, (D. Barriault and M. Sylves-
tre, unpublished data), a variant of BPDO, ,, that degrades
most congeners at a higher rate than BPDO, g, (4). Although
BPDOg;s, shares similar sequence identity with BPDO; g4
(75%) and BPDOyy+; (76%), the reactivity of BPDOgs54 ap-
pears to be closer to that of BPDOyz7¢7. BPDOy 5, also shows
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a high level of depletion for both 2,4,4’-trichlorobiphenyl and
4,4'-dichlorobiphenyl, although it preferentially degrades para-
substituted congeners over ortho-substituted congeners (12,
20, 24).

The congener preference of BPDO, g, reported here (Ta-
bles 3 and 4) is consistent with data reported by others (1, 2, 6,
22, 44). Thus, the enzyme dihydroxylated biphenyl and 2,2'-
dichlorobiphenyl at similar rates and showed an apparent pref-
erence for ortho- > meta- > para-dichlorobiphenyls. Overall,
the current results substantiate and extend the conclusion that
the introduction of ortho-chloro substituents into an otherwise
meta- and/or para-chlorobiphenyl renders the congener more
susceptible to attack by BPDO, p,4, despite the increased level
of chlorination (12). As discussed below, this is consistent
with modeling experiments that indicate that the active site of
BPDO; 4, better accommodates nonplanar congeners.

The overall substrate preference of BPDO,;, was closer to
that of BPDO, 3, than to that of BPDOg;s, (Tables 3 and 4).
This is consistent with the steady-state parameters for biphe-
nyl, which were also closer to those of BPDO 4. Although
BPDO,;, has PCB-transforming properties superior to those of
BPDO; 4 in whole-cell assays (3; this study), the purified
enzyme did not show superior activity against any individual
congeners compared to purified BPDOyg;s,. The second engi-
neered variant, BPDOyy,, was the least active enzyme in this
study. The overall pattern of congener degradation by purified
BPDOy;,, in the mixed-congener assay was similar to that
of BPDO, g,y and BPDOy;, (Tables 3 and 4), although
BPDOy,, showed a slightly improved ability to degrade 3,3'-
dichlorobiphenyl compared to the latter enzymes. On the other
hand, the improved degradation of 2,4,4'-trichlorobiphenyl
and 2,6-dichlorobiphenyl by BPDOy;, compared to that by
BPDO, 3400 Was not observed for BPDOy,,. These two find-
ings may indicate a crucial role of Ala267 in substrate binding,
particularly in meta-substituted congeners. Finally, it is not
clear why whole cells expressing BPDO;;, did not degrade any
of the congeners, although this is consistent with previous
observations (3).

In all the variants studied, the degree of coupling between
the transformation of congener and the consumption of O, was
approximately proportional to the rate of congener depletion.
The results obtained with BPDO, 3,4, and BPDOpgjs for 2,2'-,
3,3’-, and 4,4'-dichlorobiphenyls are consistent with previous
results obtained in identical conditions (33, 41). Uncoupling
has been better characterized in cytochrome P450 monooxy-
genases (47), in which the efficiency of hydroxylation is thought
to depend on the position of the organic substrate with respect
to the activated oxygen intermediate and the exclusion of sol-
vent molecules from this environment. The current results are
consistent with this notion and highlight the ability of PCBs to
poison the degradation process and to stress the cell through
the production of reactive oxygen species. This is consistent
with a recent study demonstrating that PCB-degrading cells
are oxidatively stressed (14).

The crystallographic data for the BphAEg;54-2,6-dichloro-
biphenyl complex are consistent with the observed preponder-
ance of the 2',3'-dihydroxylation product. While the structural
data do not reveal a binding mode consistent with 3,4-dihy-
droxylation, the limited contact between the substrate and pro-
tein suggests that there is sufficient space to accommodate an
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appropriate binding mode. In this case, displacement of a short
helix spanning residues 282 through 288 might be required.
This appears to be an unhindered change in conformation
inasmuch as the helix is solvent exposed and does not seem to
be constrained by intramolecular contacts. Moreover, super-
position of the BphAE;5,—2,6-dichlorobiphenyl complex with
the BphAE;4;-biphenyl complex revealed that the backbone
atoms of the corresponding helix in the latter are displaced 1.9
A further away from the Fe atom at the position corresponding
to I1e283 of BphAEg;se, the single residue from this helix in
contact with the distal ring of 2,6-dichlorobiphenyl.

Comparison of the crystal structure of the BphAE555,-2,6-
dichlorobiphenyl complex to that of the modeled BphAE, ;400
biphenyl complex revealed several features that explain the
different reactivities of the two isozymes. Most strikingly, the
increased space around C-4 of the distal ring in BphAEg;5,
likely explains the superior ability of BphAEg;s, to transform
para-substituted congeners. This conclusion is corroborated by
BphAE,;, and BphAE-;, which also have Ile at this posi-
tion and which transform 4,4’-dichlorobiphenyl better than
BphAE, 40 (54). Some studies have further suggested an
important role of residues 338 and 341 in the dihydroxylation
of ortho-substituted congeners (12, 37). However, the levels of
depletion of 2,2'-dichlorobiphenyl by BPDOg;5, and BPDOyq
in this study were comparable to those by BPDOy 4¢,. This
result suggests that residues at positions 338 and 341 have a
more subtle effect on congener binding, consistent with the
model of the BphAE, 5,0o-biphenyl complex. Finally, it is not
obvious how residue 267 influences the reactivity of BphAE to
the extent that it does, due to its location remote from the
active site. However, the different activities of BPDOyy,, and
BPDOyg;s4, two enzymes that have Ser267, highlight the im-
portance of sequence context for the influence of a specific
residue.

Considerable effort has been invested in engineering
BPDO to improve its PCB-degrading activities, as well as to
improve our understanding of the enzyme’s mechanism and
the role of active site residues. While much of this effort has
involved mutations of residues in region III, it is clear from
the available structural data that other residues play an
equally important role in determining the congener prefer-
ence of the enzyme. Finally, most of the engineering efforts
have involved BPDO, 3,00 and BPDOyg,y;. The high PCB-
transforming activity of BPDOg;54 highlights the impor-
tance of including this and other less-well-characterized en-
zymes in engineering efforts, particularly directed evolution.
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