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Rates of the Phthalate Dioxygenase Reaction with Oxygen Are Dramatically
Increased by Interactions with Phthalate and Phthalate Oxygenase Retluctase

Michael Tarasev, Frank Rhames, and David P. Ballou*
Department of Biological Chemistry, Urrsity of Michigan, Ann Arbor, Michigan 48109-0606
Receied May 10, 2004; Resed Manuscript Receéd July 6, 2004

ABSTRACT. The phthalate dioxygenase system, which catalyzes the dihydroxylation of phthalate to form
its cis-dihydrodiol (DHD), has two components: phthalate dioxygenase (PDO), a multimer with one Rieske-
type [2Fe-2S] and one Fe(ll) center per monomer, and phthalate dioxygenase reductase (PDR), which
contains flavin mononucleotide (FMN) and a plant-like ferredoxin [2Fe-2S] center. PDR is responsible
for transferring electrons from NADH to the Rieske center of PDO, and the Rieske center supplies electrons
to the mononuclear center for the oxygenation of substrate. Reduced PDQ.{Pibat lacks Fe(ll) at

the mononuclear metal site (PDO-APO) reacts slowly with(14 x 1073 st at 125uM O, and 22°C),
presumably in a direct reaction with the Rieske center. Binding of phthalate and/ay BbRduced
PDO-APO increases the reactivity of the Rieske center withWthen no PDR or phthalate is present,

the oxidation of the Rieske center in native PRQwhich contains Fe(ll) at the mononuclear site] occurs

in two phases~+1 and 0.1 s! at 125 mM Q, 23 °C), both much faster than in the absence of Fe(ll),
presumably because in this casgr@acts at the mononuclear Fe(ll). Addition of PRI native PDQyq

resulted in a large fraction of the Rieske center being oxidized at5asd the addition of phthalate
resulted in about 70% of the reaction proceeding at42With both PDR, and phthalate present, most

of the PDQeq (approximately 86-85%) oxidizes at 4278, with the remaining oxidizing at5 s%. Thus,

the binding of phthalate or PQRto PDQegeach results in greater reactivity of PDO with. Bhe presence

of both the substrate and PDR was synergistic, making PDO fully catalytically active. A model that explains
the observed effects is presented and discussed in terms of PDO subunit cooperativity. It is proposed that,
during oxidation of reduced PDO, each of two Rieske centers on separate subunits transfers an electron
to the Fe(ll) mononuclear center on a third subunit. This explanation is consistent with the observed
multiphasic kinetics of the oxidation of the Rieske center and is being further tested by product analysis
experiments.

Aromatic compounds are among the most abundant PDS catalyzes the first step in the breakdown of the
anthropogenic pollutants. Many of them constitute major aromatic compound phthalate to foreis-4,5-dihydro-4,5-
health hazards due to both their toxicity and their resistance dihydroxyphthalate (DHD). This is converted by the next
to natural catabolic processes. Possibly, because many sucknzyme in the metabolic pathway to 4,5-dihydroxyphthalate
xenobiotics have not been in the environment for very long, and then to protocatechuate (3,4-dihydroxybenzoate), a
appropriate metabolic pathways for their biodegradation havecommon intermediate in aromatic metabolism. Phthalate
not yet fully evolved, and existing ones are often incomplete dioxygenase (PDO) is part of a Rieske non-heme iron
or inefficient (1). As the catabolic potential of existing life ~ dioxygenase system that uses a type IA electron transfer
forms seems to be inadequate to deal with many of the system 4). PDO has been extensively characterized and is
aromatic compounds that man has made, researchers turn ta model for many of the properties and the mechanisms of
the development of genetically engineered species with othercis-diol forming dioxygenasesy. This two-component
improved biodegradative capacities B). However, before ~ system comprises monomeric phthalate dioxygenase reduc-
optimal strategies to design tailored biocatalysts can betase (PDR), an enzyme that contains both FMN and a
developed, it is necessary to comprehend in detail the
structural and functional relationships and the metabolic 1 appreviations: PDS, phthalate dioxygenase system; PDO, phthalate
mechanisms involved in degrading aromatic compounds. dioxygenase; PDO-Fe(ll), enzyme as isolated supplemented with Fe(ll);

This work describes studies of an oxygenase that is involved Eg\?éﬁp%gﬁg%atg %'Or)g’tgiennasrg tgfgc:agléiéigpnm ttgethfgogﬁaugﬁ?f
in such transformations, the phthalate dioxygenase system{ 720 | 0 5 peFr’ rﬁonomef’); FI?DO-AEI?@popro?ein orepared gy
(PDS} from Burkholderia cepaci@dB01. a shorter procedure (2.2 Fe per monomer); PDR, phthalate dioxygenase
reductase; DHDgis-4,5-dihydrodiol phthalate; FAS, ferrous ammonium
sulfate; NDO, naphthalene dioxygenase; NDF, naphthalene dioxygenase
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| PDR of intermolecular electron transfer from fully reduced PDR

N No _O to PDQy is increased 1000-foldL@). It was proposed that
II z \f structural changes occur on binding metal and substrate at
N NH = - NADH the mononuclear site that are important for electron transfer
. (12).

In the present study, we have investigated the effects of
binding of iron, substrate, and reductase on the kinetics of
S oSy /S the reaction of the reduced Rieske centers of PDO with
s> ~s—FE oxygen.

‘ S—\

‘ o
G ~ =

MATERIALS AND METHODS

PDO and PDR were isolated froB\ cepaciaDB01 and
\ _J purified as described previouslys)( As isolated, PDO
W >g s /V' contained 2.8t 0.2 Fe per monomer. Preparation of PDO-
>=e\s,,1=§ APCOF, a modified enzyme that lacks the iron in the
S N=\_ mononuclear center, was achieved by repeated cycles involv-
ing dilution with 0.1 M HEPES, pH 8, containing 5 mM
EDTA, followed by concentration using a Centricon-30.
Finally, the sample was dialyzed against the same buffer and
then against EDTA-free buffer. Such samples typically
contained 1.9+ 0.2 Fe per monomer. A less stringent
preparation (PDO-APB involved passing PDO through a
G-25 column equilibrated with 0.1 M HEPES, pH 8, and
containing 5 mM EDTA, followed by incubating the solution

Ficure 1: Phthalate dioxygenase system. This figure shows various for 1 h at 4°C n 10 mM EDTA, and finally, removing
redox cofactors and the general pathway for electron transfer. The EDTA by passing the sample through the G-25 column

ligands are represented by L. Because no X-ray structure of PDOequilibrated with the same buffer without EDTA. The latter
is available, assignment of ligands and geometry are not specified. PDO-APO samples contained 242 0.2 Fe per monomer.
However, the X-ray structure of NDO shows that the mononuclear  ppO was reconstituted with iron by adding anaerobically

site can be described as a two-His one-carboxylate facial 8&d ( .
In PDO likely ligands are the conserved residues, His181, His186, a 100-fold excess of Fe(Nj(SOy)2 (FAS). The excess iron

and Asp358 or Asp365. Other studies have indicated that one orWas removed by one passage through a desalting Hi-Trap
two waters are also ligated in various states of P3Q).( column (Pharmacia Biotech) equilibrated with the appropriate

buffer containing 1 mM phthalate. Iron-reconstituted PDO
ferredoxin [2Fe-2S] center and which accepts electrons from [PDO-Fe(ll)] that contained 3.6 0.1 Fe per monomer was
NADH, and a multimeric dioxygenase (presumably @n immediately used in the experiments. In experiments where
tetramerf Each subunit of PDO contains a Rieske [2Fe-2S] PDO-Fe(ll) was used without phthalate, fully reconstituted
center and a mononuclear Fe(ll) site (Figure 1). The mono- samples of PDO-Fe(ll) were passed through a G-25 column
nuclear Fe(ll) is essential for catalytic activit§, (7) and is equilibrated with the phthalate-free buffer, further diluted
proposed to be the site of oxygen binding and activation and 5—20-fold by the same buffer, and anaerobically supple-
substrate hydroxylation. Figure 1 shows oxygen binding mented with 20uM FAS. Iron content in PDO was
side-on, which is consistent with recent X-ray structural determined by the standard ferrozine as48y ¢r by atomic
studies on the related enzyme naphthalene dioxygenasebsorption spectroscopy using a Perkin-Elmer 3300 atomic
(NDO) (8). This geometry also would appear to be optimal absorption spectrometer equipped with HGA-600 graphite
for dioxygenation of the phthalate with both atoms of furnace or, in some cases, by inductively coupled plasma

PDO

molecular oxygen being incorporated into the ring. high-resolution mass spectrometry (ICP) using a Finnigan
The reductive portion of the PDS-catalyzed reaction has element instrument from Thermo Finnigan Co.
been the subject of several studi®s-(2). The first three Concentrations of enzymes were determined spectropho-

articles focus on the mechanism of reducing PDR by NADH, tometrically usingAeszs = 2.38 mM* cm™* and Aesgs =

and the last reference reports on the electron transfer from17.54 mM* cm™ for the extinction differences between

reduced PDR to oxidized PDO. At the time of those OXidized and reduced PDO monomers and PDR, respectively.

publications very little was known about how PDO brought PDO activity was determined in steady-state assays by

about the activation of oxygen and the hydroxylation of monitoring the change in absorbance at 340 nm due to

phthalate. It has been shown previously that formation of consumption of NADH. Reaction mixtures contained &2

the PDO-PDR complex has little effect on the reduction of PDR, 2 mM phthalate, and 16@504M NADH in 0.1 M

PDR by NADH (12). However, when phthalate and a HEPES, pH 8. The reaction was initiated by the addition of

divalent metal such as Fe(ll) or Co(ll) are bound at the 0.2uM PDO. When necessary, FAS (2Q0uM) was added.

mononuclear site of PDO, the redox potential of the Rieske Note that the measured activity does not represent maximum

center is decreased by80 mV, and paradoxically, the rate PDO activity but rather the activity under the above

conditions at 1:1 PDO:PDR stoichiometry. These conditions

2Recent preliminary ultracentrifugation data (J. Bolin, personal were chosen because they are practical and reproducible.

communication) indicate the possibility that PDO might be in equi- Samplesof reduced PDO (2@0 M before mixing) for _
librium between hexamer and tetramer forms. reaction with Q were vacuum/gas exchanged (Ar) in
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' ' ' ' to a maximum of only 2.9 [similar to BZDO (16); no
increase in PDO activity was observed when Fe(lll) was
used, presumably because of the poor solubility of ferric
iron]. Typically, in assays involving reconstitution, a 50-
fold excess of FAS relative to PDO was in the reaction
mixture, and no further increase of activity was observed
when up to a 500-fold excess of FAS was added. In the
presence of phthalate and a stoichiometric amount of added
Fe(ll), the PDO-AP® was found to contain 2.9 0.2 Fe
per monomer; i.e., it was fully populated. This species
300 400 500 600 700 behaved essentially the same as when a 50-fold excess of
Wavelength (nm) FAS was used. Regardless of the method of iron reconstitu-
FiIGURE 2: Visible spectra of oxidizedX) and reduced@é) phthalate tion, it was not possible to reconstitute PDO-AP®O the
S'r?é‘ég%”ﬁsshtﬁ;g?g'%”ﬁ gce PDO (128)) in 0.1 M HEPES | activity of the original native enzyme. Thus, despite fully
' ' populating the mononuclear center, the enzyme regained only
tonometers (about 10 t|mes) and OVerIaid W|th purified argo-n. about 50% Of |tS origina| Oxygenase activity as measured
Enzyme reduction was achieved by anaerobic photoreductionhy steady-state assays, suggesting that the rigorous procedure
(14) in the presence of 0.63L uM 5-deazariboflavin (gift  necessary to fully deplete PDO of the mononuclear center
from Dr. V. Massey) and 5 mM glycine or by anaerobic  jron resulted in some damage to the enzyme. Similarly, the
titration with sodium dithionite. The reactions with oxygen yeconstitution of apo-BZDO (1.9 Fe pet)® with Fe(ll)
were the same with either method of reduction. In the resylted in enzyme with-2.5 total Fe peo (16). Although
experiments with the PDO-APQ@hat was not reconstituted, this reconstituted BZDO [as well as the apo-BDZO with
0.5-1 mM EDTA was added to the solution to safeguard Fe(j) present in the assay] had catalytic properties nearly
against the contamination of the sample with adventitious jgentical to those of BZDO as isolated, seemingly indicating
iron. Kinetic data were acquired using a Kinetic Instruments, fy|| restoration of the enzymatic activity, it should be noted
Inc., stopped-flow spectrophotometer in single-wavelength that BZDO as isolated contained oniy2.7 Fe pen,3. Thus,
mode. Reactions were observed at 575 and at 465 nmijt js impossible to tell whether Fe(ll) reconstitution of the
wavelengths that correspond to the maxima in the Rieske ap0-BZDO actually restored full catalytic activity or, similar
center visible absorption spectrum of PRCFigure 2). Data  tg PDO-APG, resulted in the enzyme with some mono-
collection and analysis were performed using program A, nuclear centers that, although repopulated with iron, remained
which employs the Marquarei_evenberg algorithm1(5) catalytically inactive.
and was developed in our laboratory by C.-J. Chiu, R. Chang, = consistent with the iron content (about 2.2 Fe per
J. Dinverno, and Dr. D. P. Ballou, University of Michigan. - monomer), PDO-AP®steady-state turnover activity was
Rates and amplitudes obtained from curve fitting (mean 1 5 + 0.2 s, which was~25% of its original activity
values from at least five independent experiments) were (compared to<1% exhibited by the PDO-AP®. Recon-
within '15% of each other unless specified otherwise. stitution of PDO-APG resulted in full restoration of the
Experiments were performed in 0.1 M HEPES orin 0.1 M activity (5.8+ 0.2 s'%). Apparently, in contrast to the more
potassium phosphate buffer, pH 8.0, a2 The oxidation  stringent procedure for preparing PDO-AR@is procedure
state of the enzyme during titrations was monitored using a gid not lead to significant deterioration of the enzyme and
Shimadzu UV 2051PC spectrophotometer. EPR studies weresqyd be useful for incorporatingFe for future Masbauer
performed using a Brucker EMX EPR spectrometer equipped gpectroscopic studies.
with a Brucker 4102-ST general purpose cavity. Data were  ginetics of the Reaction of Reduced Forms of PDO-APO
collected at 15 K with a modulation amplitude of 10 G, jth ©,. The absorption spectrum of PDO in the visible
microwave frequency of 9.426 GHz, and power of 10 mMW. region is dominated by the absorption of the Rieske center
Standard iron solutions for atomic absorption spectroscopy (Figure 2, circles), with only small perturbations 1%)
were from Aldrich Chemical Co. All other chemicals were deriving from the mononuclear center iron or from the
of analytical grade and were used without further purification. binding of substrate. When reduced, the enzyme is signifi-
RESULTS cantly bleached in the visible regioﬁ)((Eigure 2, diamonds).
The peaks at 465 and 575 nm of oxidized PDO were used
PDO Steady-State Catalytic Aditly. Native PDO 2.8 to monitor the oxidation state of the Rieske center of PDO.
Fe per monomer) activity was 5:50.3 s as measured by ~ With native PDO, the reactions of oxygen with reduced PDO
steady-state assays (Materials and Methods). Reconstitutiorare expected to occur at the mononuclear iron center where
with Fe(ll) [referred to as PDO-Fe(I1)+3 Fe per monomer]  oxygenation of the substrate takes place. Therefore, the
resulted in only a slight increase in the measured activity Rieske centers primarily become oxidized by transferring
(5.9+ 0.1 s%). By contrast, the turnover rate under the same electrons to the mononuclear iron. By contrast, reduced PDO-
conditions for PDO-AP® (~1.9 Fe per monomer) was APOF reacts with Q very slowly, presumably in a direct
0.05+ 0.02 s, less than 1% that of fully reconstituted PDO- reaction between the Rieske center and The measured
Fe(ll). This small residual activity was assumed to be due oxidation rates for PDO-APQare denoted bl in Table 1
to traces of PDO-Fe(ll) in which the mononuclear iron had for a series of oxygen concentrations, and a typical reaction
not been removed. We did not check to see if this residual
NADH consumption led tais-dihydrodiol formation. Re- 3BZDO consists of threeofs) dimers each containing one Rieske
constitution of PDO-AP®with Fe(ll) increased the activity  and one Fe mononuclear center.
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Ficure 3. Oxidation of reduced PDO-APChy oxygen. PDO- Ficure 4: Oxidation of reduced forms of PDO by oxygen. Reduced
APCOF (10 uM) was mixed with 125M O, in 0.1 M HEPES, pH forms of PDO (10uM) were mixed with 125¢M O; in 0.1 M
8.0, with and without phthalate and/or PRRt 22°C. Key: (2) HEPES, pH 8.0, with and without phthalate and/or Rp& 22
PDO-APJ; (d0) PDO-APJ + phthalate (1 mM); ) PDO-APCH °C. Key: (@) PDO-APC; (O) PDO-Fe(ll); ©) PDO Fe(ll) +

+ PDRy (10 uM); (O) PDO-APG + phthalate (1 mM}- PDRy PDRy, (10 uM); (a) PDO Fe(ll)+ phthalate (1 mM); ) PDO
(10 uM). All concentrations are those after mixing in the stopped- Fe(ll) + phthalate (1 mMH PDRy (10 uM). The time axis is
flow spectrophotometer. Data were recorded at 575 nm. displayed logarithmically to show the widely different rates. Data

were recorded at 575 nm.

Table 1: Apparent Rate Constants for the Oxidation of the Reduced

Rieske Center of PDO 3, circles). At all oxygen concentrations used, the faster phase
PDO-APCF PDO-Fe(ll) of the oxidation contributed about 40% to the total absorption
oxygen M ke st = K 5 1 cha_m_gé‘. Less active preparations of PDO (?teady-state
02 T 5% 107 0.09 081 activity _of reconstltut_e(_j enzyme4.5—5_vs 5_.9 st for the
125 1 2% 10-2 008 11 fully active PDO) exhibited smaller fractions in the fast phase
312 1.8x 1073 0.18 23 (20—30%). This is consistent with the faster phase being
625 2.6x 1073 0.27 2.7 due to enzyme with fully competent mononuclear sites, with
2 Conditions are as described in Materials and Methods and in Figure the remainder oxidizing via electron transfer to nearby
2. No phthalate or PDR was present in these experiments. centers. The rates of both phases of this reaction were

. L 4 dependent on oxygen concentration and reached limiting
curve is shown in Figure 3 for 1.2% 10°* M oxygen 5y 65 withkye of 3.9+ 0.5 s* and 0.51+ 0.25 s and
(triangles). The half-time for reoxidation of PDO-AP@ apparent< values for oxygen of 266 100 and 620+
i 4

495 s when using 1.25 10 M oxygen. Although reduced g5\ respectively. Figure 4 shows traces of reactions of
iron—sulfur centers will react with oxygen, we cannot rule oxygen with reduced forms of both reconstituted and
out the possibility that the rates we observed with PDO- apoPD® and with additions of PDR and/or phthalate and
APC" were actual!y QUe to traces of ron bound at.thef MONO- highlights the differences in these reactions. We assume that
nUCIEar site. If th|s IS true, 't.WOL"d |mply that_S|gn|f|cant the reactions with oxygen in the absence of phthalate lead
subunit-to-subunit and multimer-to-multimer interactions  , ¢,yeroxide, but no evaluation of this possibility was made.
occur to permit delivery of electrons to the rare active 5 small (~10%) contribution of a much slower phase
mononuclear centers. Much higher electron transfer rates (see(w4 x 103 s%) was observed for some preparations [Table
below) were observed in the presence of added Fe(ll). If 5 \nqer pDO-Fe(ll)], and this is probably due to incomplete
adventitious iron is involved, the observed rates should be oo iitution of the mononuclear center of PDO in the
considered as upper I|m|ts for the OX|dat|or1 .Of the Rieske absence of substrate. Consistent with this notion, less active
center. The addition of_e|th_er phthalate or OX'd_'Zeq r‘Educmsepreparations of PDO exhibited larger contributions from this
to PDO-APG resulted in slightly increased oxidation rates, g\ phase. Oxidation of PDO (as isolated) was similar to
with oxidation also proceeding in single phases (Table 2andy, 5y ot ppo-Fe(ll) but had a slightly smaller contribution
Figure 3, squares and dlamonds): In.the presence of _bOthfrom the fast phase and larger amplitudes in the slow phases
reductase and the substrate, the oxidation occurred in a smgle(up to 40-45% contribution from the slow phagetypical
exponential process that was nearly 10-fold faster than thatof the PDO-AP®). Thus, the slowest phases are likely due to
of PDO-APG alone (Flgure_ 3 C|r_cles). Again, this was  jefective or incompletely reconstituted mononuclear centers.
probably not due to adventitious iron from the reductase  aqgition of phthalate caused about 70% of the Rieske
because added iron causes much greater increases in the ral®niers to oxidize at40 st (ks in Table 2 and Figure 4
of oxidation (see below). These observations suggest that theiangles). The remaining centers oxidized in two phases that
binding of phthalate and/or reductase cause structural changes
at &he RleSkfe ﬁenéer th?‘t pr(;rgote Its re?ﬁtgndWImdoF 4The relative magnitudes of the kinetic phases were determined by

Inetics of the e_actlon oF Oxygen wi e ucg orms fitting the data to a parallel reaction model assuming that the electron
of PDO That Contain Fe(ll) at the Mononuclear SitEhe transfers from the Rieske centers are independent of each other.
reaction of Q with reduced native PDO-Fe(ll) (activity However, it is possible that the faster oxidation step must precede the

1 ; i~ slower one. If so, a consecutive reaction model would be more

5.5-5.9 579, Wlt.h no PDR or phthalate present, occurs in appropriate. This would lead to different contributions from the specific
two phases, which are both faster than those for any of theyinetic phases of the reaction without affecting the rates of electron
PDO-APU speciesk, andks in Tables 1 and 2 and Figure transfer themselves.
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Table 2: Observed Rate Constarky dénd Magnitudes of the Phase) for the Oxidation of Reduced Rieske Centers of PDO in Reactions
with Oxyger?

Fe per

Rieske center ki, s71 (A1, %) ko, ST (A2, %) ks, S1(As, %) ki, STE(A4, %) ks, ST (As, %)
PDO-APC 1.9+0.2 1.4x 1073(100)
PDO-APGC + phthalate 1.9:0.2 1.8x 10-3(100)
PDO-APCT + PDRx 1.94+0.2 3.9x 1073(100)
PDO-APGT + phthalatet PDR,y 1.9+0.2 1.25x 1072 (100)
PDO-APCT + Fe(ll) 29+0.2 0.06 (15) 0.8 (85)
{PDO-APG + phthalaté + Fe(ll) 2.9+0.2 3x 1073 (20) 0.1 (20) 1.2 (15) 48 (45)
{PDO-APG + Fe(Il)}} + phthalate ~ 2.9: 0.2 0.3 (70) 35 (30)
PDO-APCY 22402 3.7x 1073 (50) 0.08 (30) 0.9 (20)
PDO-Fe(ll) 3.0£01  (5x 1079 0.08 (60) 1.1 (40)
PDO-Fe(ll)+ phthalate 3.6:0.1 0.1 (10) 1.8 (20) 41 (70)
PDO-Fe(I1)+ PDRyx 3.0+0.1 0.08 (15) 1.1 (45) 4.7 (40)
PDO-Fe(Il)+ phthalate+ PDRyy 3.04+0.1 0.14 (10) 5.5 (15) 40 (75)

@ Reactions were carried out in the stopped-flow instrument as described in Materials and Methods. Numbers in table are the average of at least
five measurements. The oxygen concentration wagA2&fter mixing. Absolute magnitudes of the phases are reproducible to within 5%. Conditions
were as in Figures 2 and 3. See text for detdiRhase present in some PDO-Fe(ll) samples. Its appearance will reduce the contribution from the
ks fast oxidation phase.

were similar to those observed without the substrate presentsome mononuclear iron (2(25%; see above) exhibited both
When reduced PDO-Fe(ll) in the presence of oxidized PDR, of the oxidation rates observed in nonreconstituted as well
but in the absence of phthalate, was reacted with oxygen,as in reconstituted PDO. Therefore, while a significant
~40% of the Rieske centers oxidized at™8 &, in Table 2 fraction of the Rieske centers in PDO-AP@bout 50%)
and Figure 4, diamonds). The remaining centers oxidized in oxidized at the slow rate characteristic of PDO-AP@e
two slower phasesk{ and ks) similar to the slow phases remaining 50% reacted with oxygen similarly to the Rieske
observed without the reductase present. Addition of both center in PDO-Fe(ll) (Table 2). Contrary to PDO-ARO
phthalate and oxidized PDR resulted in most of the reaction reconstitution of the PDO-APQenzyme with ferrous iron
(~90%) occurring in the two fastest phas&sgdndks) with resulted in full restoration of the enzymatic activity.
only about 10% occurring at 0.14°s(Figure 4, squares, Reaction of NO with the Mononuclear Fe(ll) as a Model
and Tqble 2). The relat!ve contributions of the fast phases for Oxygen Binding.NO mimics many of the binding
vary slightly between different PDO preparations with up properties of @to iron centers and thus can often be used
to 85% of the Rieske centers oxidizinga#0 s in some 45 3 model for some of the properties of how oxygen interacts
samples. with the iron-containing centerd 7). The advantage of using
When fully reconstituted with iron, PDO-APQn the NO as a probe for oxygen binding is that the formation of
presence of phthalate reacted with oxygen in a manner similarthe nitrosyl complex N©Fe(ll) at the mononuclear site
to that of PDO-Fe(ll), but with a smaller contribution 30 gives rise to a distincs= 3/, EPR spectrum(, 19). Studies
50% vs 70%) from the fast phasks) (Table 2). This is  of NO binding to the mononuclear iron centers in NDRD)
consistent with PDO-APD having a large fraction of  and BZDO (16) show that this binding is dependent on the
defective mononuclear centers. state of the enzyme. When the Rieske center is reduced, NO
In addition to the effects described above, the distribution binds to the mononuclear iron only when substrate is present.
of the kinetic phases in reconstituted PDO-AP@lso Very similar results are also seen with PDO. By contrast to
depended on the method of reconstitution of the mononuclearthe reduced form of PDO, when the Rieske center of PDO
center. When PDO-APOcontaining Fe(ll) was mixed in is oxidized, NO binds to the mononuclear Fe(ll) both in the
the stopped-flow instrument with the phthalate-containing presence and in the absence of the substrate to give rise to
aerobic buffer [Table 2, ro{ PDO-APG + Fe(ll)} + EPR signals withg values of 4.2 and 3.9 that can be
phthalate], in addition to the slow oxidation phase typical attributed to anS = 3%, system (Figure 5). The smail >
for the enzyme with the inactive mononuclear site, two faster 4.5 signal was present in all of the samples and can be
phases were observed. However, when Fe(ll) was anaero-attributed to a small population-6%) of adventitious ferric
bically added to PDO-AP©hat had been preincubated with  species bound to the enzyme. This iron does not appear to
phthalate [ron{ PDO-APGJ + phthalaté + Fe(ll) in Table interact with NO. As reported with NDO and BZDQ§,
2] and then was mixed with aerobic buffer in the stopped- 20, 21), when the Rieske center in PDO is reduced, NO
flow instrument, three faster phases were observed. Thus,binding, as evidenced by the changes in the EPR spectra
PDO-APC that had been preincubated with phthalate can (Figure 6), occurs only in the presence of the substrate
be reconstituted to form a more active enzyme than when (phthalate). Thus, the oxidation state of the Rieske center,
the order of addition is reversed, probably due to the as well as the binding of substrate to the mononuclear iron,
documented cooperativity between the binding of phthalate regulates NO binding to the mononuclear site iron. Similar
and Fe(ll) €2). In general, comparisons of kinetics between patterns of regulation with oxygen would be expected to
PDO-Fe(ll) and reconstituted PDO-APGire somewhat  greatly reduce the formation of active oxygen species when
complicated because the latter could not be completely substrate is not present by ensuring thatwuld not be
restored to full activity. The fraction of the more gently bound when the Rieske center is reduced unless the substrate
prepared iron-depleted enzyme (PDO-AlPGhat retains is already bound where it can be hydroxylated.



12804 Biochemistry, Vol. 43, No. 40, 2004 Tarasev et al.

' ' T consistent with the fact that binding of components distant
to the Rieske center can affect its properties are results
g =42 showing that binding of phthalate to either PDO-APO or
native PDO decreases the redox potential of the quite distant
Rieske center12). Binding of PDR, to PDO-APC has a
slightly larger effect on the oxidation kinetics of the Rieske
center than does phthalate (Figure 2), and binding of both
phthalate and PDRresulted in a further increase of the rate
of oxidation of reduced PDO-APQwith the reaction still
proceeding in a single phase. Redox potentials alone are not
always sufficient to predict the rate of long-range electron
transfers, because such transfers are often gated by other
events (e.g., proton uptake, protein matrix conductivity
changes between donor and acceptor sites, or conformational
~— changes)Z0, 21, 25—28). The present data further suggest
5 o0 50 20 250 that changes in the driving force induced by the binding
mT events may be less important than the corresponding
FiGURe 5: EPR spectra of PDO-Fe(ll) (10eM) incubated with structural changes for facilitation of electron transfer.
NO in the presence and absence of 5 mM phthalate. The Rieske Reconstituted Reduced PDO Reactions with Oxygen
center is oxidized. Conditions were as described in Materials and Incorporation of Fe(ll) into the mononuclear centers results
Methods. in significantly (at least 100-fold) increased rates of oxidation
. — . - . of the reduced Rieske centers in PDO. Presumably, when
-~ reconstituted with Fe(ll), electron transfer between the Rieske
and mononuclear centers permits the Rieske centers to be
oxidized primarily via reactions of oxygen with the mono-
nuclear Fe(ll). The observed kinetics are largely biphasic
with small contributions of a third, ultraslow phade)(that
reflects incomplete reconstitution of the mononuclear centers

l 1 of PDO-Fe(ll) in the absence of the substrate. Multiphase
200

Fe(I)-PDO,, + NO
+ phthalate

Fe(I1)-PDO,, + NO

(no phthalate)

Fe(I1)-PDO,,

g =42

+ phthalate

oxidation of the Rieske centers in the absence of the substrate
was also observed previously with NDOS and AntDXD, (
100 700 30 21). In both of these cases the rates of the phases were about
mT 2 orders of magnitude smaller than the corresponding
FIGURE 6: EPR spectra of reduced PDO-Fe(ll) (10d) incubated turnover numbers for these enzymes. This is consistent with
with NO in the presence and absence of 5 mM phthalate. Conditionsthe slow rates representing direct oxidation of the Rieske
were as described in Materials and Methods. centers. In the absence of the substrate the conformational
state of PDO is apparently not optimized for turnover;
DISCUSSION however, even in this state the rate of the Rieske center
The current studies provide further evidence that the oxidation & = 1.1 s'%) is not drastically less than the rate
reaction of oxygen with native PDO occurs at the mono- for turnover observed under our conditions (5b6s™1). The
nuclear Fe(ll) site. In addition, these studies show that kinetics of NDO reoxidation might be expected to be simpler
electron transfer from the Rieske [2Fe-2S] centers to the than those for PDO because the oxidation of one Rieske
mononuclear iron centers can be quite fast and, as discussedenter is sufficient for converting naphthalene into its
below, cooperative between the PDO monomers. Impor- dihydrodiol product. The second electron needed for product
tantly, electron transfer is also significantly affected by the formation is provided through the oxidation of the mono-

J\___
no phthalate

presence of PDR and phthalate. nuclear Fe center to the Fe(lll) stat20). In contrast, the
PDO-APO Reactions with Oxygeithe observed very = mononuclear iron in PDO has been found to be in the Fe(ll)
slow single exponential kinetics of the reaction of With form at the completion of product formation, so that the

reduced PDO-APDare consistent with the reaction occur- mononuclear iron does not supply any net electrons for
ring directly at the Rieske [2Fe-2S] center. The presence of forming product. (These differences in mechanism between
PDR.x and/or phthalate seems to induce changes in thethe NDO and PDO systems will be elaborated in detail in a
Rieske center that make it more reactive with oxygen. future publication.) Thus, the second electron for product
However, nuclear magnetic relaxation dispersion studies haveformation in PDO must derive from a second Rieske center.
shown that phthalate binds at the mononuclear g Gnd The more complex kinetics of the reaction of reduced PDO-
EPR studiesZ3) imply that it binds at least 12 A from the ~ Fe(ll) with O,, even in the absence of the substrate or
nearest Rieske center. Indeed, the crystal structure of thereductase, probably reflects the required cooperation between
related enzyme, NDO, shows that its Rieske centers-dfe Rieske centers located on different subunits of the enzyme.
A from the mononuclear Fe(ll) sites of the same subunit, Similar assumptions were made for AntD@1).

although only~12 A from the mononuclear Fe(ll) in the Effects of Phthalate on Oxidation KineticAddition of
adjacent subunit2d). It is therefore surprising that the phthalate to the reaction mixture induces dramatic increases
binding of phthalate so far away affects the reaction of the in the oxidation rates of the Rieske centers. Thus, it appears
reduced Rieske [2Fe-2S] center with oxygen. However, alsothat substrate binding near to the Fe(ll)-containing mono-
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nuclear center can provide a regulatory mechanism for the Moreover, binding of PDR to PDO-Fe(ll) not merely
Rieske center oxidation. In the absence of phthalate, reactionsffected electron redistribution between the enzyme subunits
of reduced PDO with oxygen are greatly attenuated so that(although this cannot be excluded) but also brought about a
oxidation to produce kD, and other reactive oxygen species large increase in the rate of electron transfer between the
is minimized. This binding of phthalate apparently makes Rieske and mononuclear centers. Can the effect of oxidized
electron transfer pathways to the mononuclear+roxygen PDR on PDO be the result of extremely fast electron shuttling
complex more efficient from both PDO subunits involved. between the Rieske centers similar to that proposed for the
This is indicated by the magnitude of the fast phdsg df NDS? In the absence of reductase and phthal&@% of
electron transfer and the decreased contributions from boththe oxidation of the Rieske centers in PDO occurs at 0.08
slower phasesk{ and k3). The reaction of oxygen with  s%, while the remainder occurs atl1.1 s (Table 2).
reduced NDO, AntDO, or BZDO is similarly stimulated by Therefore, if the only function of the reductase were to
the presence of their substraté$,(20, 21). In all cases, the  rapidly shuttle electrons from “inactive” subunits to Rieske
addition of the appropriate substrate resulted in the develop-centers of active subunits, we would expect that most of the
ment of a fast phase (or multiple fast phases in AntDO) that oxidation of the Rieske centers would occur-al s
was significantly (16-500-fold) faster than the overall Instead, the presence of oxidized reductase leads to the
turnover under the same conditions. Moreover, the rates ofdevelopment of a new faster phase5(s?) comprising
electron transfer from the Rieske center in BZDO depend ~40% of the total change (Table 2), and the loss of most of
on the nature of the substrate6], once more underlining  the slow ¢(0.08 s?) phase. Thus, oxidized reductase,
the importance of the substrate-induced modification of the although not directly involved in transferring electrons in
enzyme structure for Rieske center oxidation. The phthalate-our experiments, nevertheless induces changes in PDO that
dependent fast oxidation phase in PDKg) (s also nearly result in a significant acceleration of the oxidation of the
10-fold faster than the turnover number under these condi- Rieske centers. The binding of PDR (oxidized) to PDO
tions (42 vs 56 s) and is therefore competent to be a clearly enhances the electron transfer rate from the Rieske
required step in catalysis. This fast phase of the Rieske centercenters to the mononuclear center and may also stimulate
oxidation in PDO is somewhat slower than the rates of the reactivity of the mononuclear iron with oxygen. In
oxidation of the Rieske center observed in NDO (at least contrast to the studies presented here, it can be noted that
350 st in the presence of naphthalengp) and in BZDO during turnover it is likely that reduced rather than oxidized
(260 st in the presence of benzoatd)g]. Similar to PDO, PDR is the species that influences the reaction of oxygen
only a fraction of the reduced Rieske centers in these proteinswith PDO and that can modify the PDE@PDR interaction.
were oxidized fast (57% for NDO and 36% for BZDO vs The effects of reduced PDR could be different from those
~70% on average for PDO). of oxidized PDR. The effect of PDR on the oxidation of
As shown by MCD 29), NMRD (30), and X-ray absorp-  PDO may be similar to that observed with component B in
tion spectroscopy?) studies, phthalate binding near the the methane monooxygenase syste?8, (31). Although
mononuclear center displaces a weakly coordinated watercomponent B of the methane monooxygenase system, like
molecule to effect a change from six- to five-coordinate iron. PDRy, does not carry electrons, binding of component B to
Thus, the apparent increase in the rates of Rieske centethe hydroxylase component causes changes that accelerate
oxidation on phthalate binding may represent the preparationand potentially regulate the catalysis. In particular, the
of the iron for oxygen binding, and this constitutes a regulatory effect manifests in component B accelerating
substrate-induced activation of the mononuclear center forintermolecular electron transfer from MMO reductase to
catalysis. One of the manifestations of this activation would MMO hydroxylase.
be to enable the binding of NO, as described above, and Combined Effect of PDjRand Phthalate on Rieske Center
thus most probably © to the Fe(ll) of the mononuclear Oxidation.Binding of both phthalate and oxidized PDR to
center (with the Rieske center of PDO in the reduced state).the reduced PDO resulted in fast oxidation of most of the
The mechanism of how this occurs remains to be solved. Rieske centers (75% on average and as much as 85% in some
Effect of PDRy on Rieske Center Oxidatioifhe other preparations). Thus, the presence of both the substrate and
fast phase in the oxidation of the Rieske cente#.f s the oxidized PDR appears to induce structural changes in
observed in PDO in the presence of oxidized PDR is also PDO that are synergistic in making the enzyme fully
fast enough to be relevant for catalysis. Kinetic studies also catalytically active.
showed that the extent of the oxidation of the Rieske cluster A Model for Biphasic Kinetics in the Oxidation of the
in NDO could be increased by inclusion of the oxidized Rieske Centers in PDOhe observed biphasic kinetics of
ferredoxin component (NDFR(Q). Moreover, a greater yield  the reaction of @ with reduced PDO-Fe(ll) indicates that
of product was realized, even though no additional electronseither there are two subpopulations of PDO, each with
had been contributed to the system. NDF apparently facili- different rates of reaction with oxygen, or there are two
tates electron transfer between the Rieske centers, allowingelectron transfer pathways available between the Rieske and
for oxidation of the Rieske centers in inactive NDO subunit the mononuclear centers. The reaction of oxygen with
pairs, i.e., in subunits that lack mononuclear iron. In NDO, reduced PDO that has mononuclear centers that are only
the results can be explained simply by NDF acting as an partially repopulated with Fe(ll) (for example, nonreconsti-
electron shuttling agent. A similar redistribution of electrons tuted PDO-AP®) exhibits phases characteristic of both
between subunits was postulated for the AntDO hexamer PDO-APC and PDO-Fe(ll). Rieske centers that lack efficient
(21). However, binding of oxidized PDR to reduced PDO access to mononuclear iron undergo slow oxidation typical
under anaerobic conditions did not result in any oxidation of the PDO-AP®, whereas Rieske centers that utilize normal
of Rieske centers and the consequent reduction of PDR.electron transfer pathways to the mononuclear sites can
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implies that electron transfer from the Rieske center to the
mononuclear center was also rapid in this mutant fazf). (

It was therefore postulated that Asp218 in AntDO is im-
portant for maintenance of the protonation state and reduction
potential of the enzyme, as well as for dihydroxylation of
substrate. Thus, it is not clear what the exact roles of the
bridging aspartate are. However, this aspartate clearly is
important for catalysis.

The structure of NDO (1NDO) shows that His104, a
Rieske center ligand, is in van der Waals contact with
His213, a ligand to the mononuclear Fe(ll) on the adjacent
subunit. Both histidines also appear to be in van der Waals
contact with the bridging aspartate Asp205. Thus, it is
possible that electron transfer could be occurring through a
histidine-to-histidine pathway between the Rieske and the
mononuclear center as well as via the bridging aspartate
residue. Small conformational changes in enzyme quaternary
structure could result in the disruption of this contact so that
only the bridging aspartate would provide an essential
FIGURE 7: Model of electron transfers in the PDO multimer. Blue electron transfer path. Such variation in the assembly of the
arrows indicate the faster electron transfer via the bridging Asp178 subunits within the multimer could possibly account for the
(red residue), and green arrows indicate the slower electron transferexisting discrepancy in the roles ascribed to the bridging
path. See text for details.

aspartate 16, 20, 21).
oxidize similarly to those observed in PDO-Fe(ll). This The crystal structure of PDO is not yet available; however,
allows for differentiating between whether the biphasic PDO and NDO have considerable similarities in the se-
oxidation kinetics in PDO-Fe(ll) are caused by enzyme quences of their Rieske center and mononuclear domains.
inhomogeneity or by the existence of different electron Surprisingly, there is very little sequence similarity anywhere
transfer pathways. else. Importantly, the ligands of the Rieske center, which

In the PDO-APQ® multimer, 75-80% of all PDO mono- include two histidines (His72 and His92 in PDO), as well
mers lack iron at the mononuclear sites. If there are two as two cysteines (Cys70 and Cys89 in PDO), are conserved.
subpopulations of the enzyme with different electron transfer Also conserved are His181 and His186 in PDO, which are
rates, in the absence of substrate or PDR;8®% of the probably the histidines ligating the iron in the mononuclear
Rieske centers would be oxidized directly by molecular center 23) and are probably part of the two-His one-
oxygen slowly at about 4 1072 s, and the remaining  carboxylate “facial triad” that is observed in many other
20-25% would be oxidized more rapidly through the Fe(ll)-containing oxygenase84). Moreover, the aspartate
mononuclear center atl and~0.1 s'!, as seen with the  responsible for bridging the Rieske center with the adjacent
reconstituted enzyme. On the other hand, if there are twomononuclear site (on the adjoining subunit, as discussed
possible electron transfer pathways between the Rieske andibove) in NDO (Asp205) is also conserved (Aspl78 in
mononuclear centers, we would expect a much higher PDO). Thus, it is reasonable to propose similar electron
contribution of the faster phases because those Rieske centeftsansfer pathways in the two enzymes.
with inactive mononuclear sites could still reduce adjacent As proposed above, in PDO two subunits appear to
mononuclear centers (25% reconstitution will then result in cooperate in delivering electrons to one of the mononuclear
50/50 distribution of slow PDO-AP®type oxidation and centers. A mechanism involving consecutive reduction of
faster PDO-Fe(ll)-type oxidation). Results of the experiments the iron mononuclear center by two Rieske centers from
with the PDO-AP@ (Table 2) are consistent with the model different monomers within the hexamer was proposed for
postulating the existence of two different electron transfer the AntDO @1). In PDO the faster phasé&sf could involve
pathways (Figure 7). electron transfer from the Rieske center on the adjacent unit,

The NDO structure32) indicates that the Rieske center and the slower phask} could involve electron transfer from
of one subunit delivers electrons to the Fe(ll) site of the the more distant Rieske center of its own subunit. Alterna-
adjacent subunit via a bridging aspartate (Asp205). This role tively, two Rieske centers could provide the electrons for
for Asp205 was corroborated by studies involving the the catalysis occurring at the mononuclear center located on
Asp205 mutant forms of ND2@). Moreover, the equivalent  the third subunit (Figure 7). In any case, contributions from
mutant forms of anthranilate dioxygenase (Asp218A#d) ( the two electron transfer pathways should result in equal
and toluene dioxygenase (Asp219AI88), which are also magnitude of the relevant kinetic phases. However, our data
Rieske dioxygenases, have very little catalytic activity. The show a 40/60% split between the fast and the slow phases
precise reasons for the lack of activity of the mutant enzymes (ks andk, in Table 2), possibly indicating a disruption in
are not known; however, it was proposed that electron cooperativity in some PDO multimers.
transfer from the Rieske center to the mononuclear center The binding of phthalate to the mononuclear site of PDO
on the adjacent subunit is blockezij. In contrast to NDO, in the absence and, to an even greater extent, in the presence
the reduced Rieske center of the analogous Asp218Alaof PDR, enabled the majority (up to 85%) of the Rieske
mutant form of the AntDO was reoxidized rapidly by oxygen centers to oxidize at about 40%slt seems unlikely that such
(presumably via a reaction at the mononuclear site). This a high electron transfer rate could be achieved over the
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distance of 3545 A, which on the basis of the NDO
structure likely separates the Rieske center from the mono-
nuclear Fe(ll) center of the same subunit. Thus, even if a
Rieske center oxidation rate (e.g., 0-3)svould be attributed

to the intrasubunit electron transfer, it is highly unlikely that
the binding of substrate would allow for the electron transfer
rates to increase to 40

The model in Figure 7 shows the Rieske centers of two
PDO subunits adjacent to the mononuclear center of another
subunit. This model implies that an asymmetry might exist
in the electron transfer pathways available for Rieske center
oxidation. One such pathway would involve direct electron
transfer between the Rieske and mononuclear Fe(ll) centers
ligands, while the other would utilize the bridging aspartate.
The observed ratekfandks) may differ from each other
either because the two Rieske centers that contribute the
electrons are not symmetrical with respect to the mono-
nuclear center and/or because the contributions of the first
and second electrons in the dioxygenation reaction are to
different states of the mononuclear iron. Phthalate-induced
activation of the Fe(ll) mononuclear cluster would have to
induce conformational changes either within the mononuclear
site or in the quaternary structure of the PDO multimer to
increase the rates of electron transfers from both adjacent
Rieske centers. On the basis of the presented model, one
would expect that in the presence of phthalate 100% of the
Rieske centers in PDO-Fe(ll) would be oxidized fast. It is
difficult to explain why 30% (on average) of the Rieske
centers are oxidized at rates similar to that of the PDO-Fe(ll)
without the substrate. Possibly, some of the PDO monomers
are damaged and are incapable of substrate-induced activa-
tion. This might be similar to the damage observed in PDO-
APOF preparation that, even though fully reconstituted with
iron (~3 Fe/monomer), exhibited only half of its original
activity.

The proposed model implies that oxidation of two Rieske
centers is necessary for the development of one DHD
molecule, as would be required with PDO because the
mononuclear iron is Fe(ll) at the completion of the reaction.
Thus only 0.5 molecule of product would be produced per
oxidized Rieske center. This is in fact what happens with
PDO (unpublished data, manuscript in preparation). This
stoichiometry would contrast with the results obtained in both
NDO and BZDO systemslg, 20) where essentially one
molecule of product forms per each Rieske center oxidized
(per Fe-containing mononuclear center) and the mononuclear

iron is in the Fe(lll) state at the completion of the reaction.
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