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Abstract

Phthalate dioxygenase (PDOQ) is a member of a class of bacterial oxygenases that contain both Rieske
[2Fe-2S] and Fe(Il) mononuclear centers. Recent crystal structures of several Rieske dioxygenases
showed that they exist as agp3 multimers with subunits arranged head-to-tail in o.and B stacked planar
consists of only a-subunits, remains to be solved. Although similar to other Rieske dioxygenases in
many aspects, PDO was shown to differ in the mechanism of catalysis. Gel filtration and analytical
centrifugation experiments, supplemented with mass spectrometric analysis (both ESI-MS and ESI-
GEMMA), in this work showed a hexameric arrangement of subunits in the PDO multimer. Our
proposed model for the subunit arrangement in PDO postulates two a3 planar rings one on top the
other, similar to the agP3 arrangement in other Rieske dioxygenases. Unlike other Rieske
dioxygenases, this arrangement brings two Rieske and two mononuclear centers, all on separate
subunits, into proximity, allowing their cooperation for catalysis. Potential reasons necessitating this
unusual structural arrangement are discussed.
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Rieske aromatic ring-hydroxylating dioxygenase systems facilitate the degradation of various
aromatic hydrocarbons. These enzymes contain Rieske-type redox-active iron-sulfur clusters
([2Fe-2S]) and mononuclear ferrous centers, and catalyze the formation of cis-dihydrodiols by
enantiospecific addition of two hydroxyl groups onto aromatic substrates. This is a first step
in many aerobic biodegradation pathways that typically lead to breaching of aromatic rings of
otherwise recalcitrant substrates.

Phthalate dioxygenase (PDO), an oxygenase from Burkholderia cepacia (DB01), catalyzes the
first step in the breakdown of the aromatic compound phthalate to form the dihydrodiol of
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phthalate, cis-4,5-dihydro-4,5-dihydroxyphthalate (DHD). It is a member of the Rieske class
of bacterial oxygenases. Many such dioxygenases from various organisms and biodegradation
pathways have been identified. Although the overall sequence identities are often low between
the different Rieske oxygenases (including PDO), there is considerable homology in both the
Rieske and the mononuclear domains, suggesting that these regions are structurally similar.
Residues ligating the Fe in both the Rieske and the mononuclear centers are fully conserved,
as are a number of other residues, including the so-called “bridging” aspartate located on the
subunit interface and shown to be critically important for catalysis in NDO [1], AntDO [2],
and TDO [3]. In PDO too, it was shown that substitutions of this “bridging” aspartate (Asp178)
resulted in enzymes with severely diminished catalytic activity, with both reduction and
oxidation rates of the Rieske center affected by the mutations [4]. Additionally, it was shown
that substitutions of Asp178 in PDO resulted in significant changes in subunit interactions
within the PDO multimer, bringing about a looser arrangement with increased solvent access
to the Rieske centers [5].

Although similar to other Rieske dioxygenases in many aspects, PDO was shown to differ
somewhat in its mechanism of catalysis. For example, after reduced NDO is exposed to oxygen
in the presence of the substrate, the mononuclear iron was found to be in the ferric state [6].
One cis-dihydrodiol product was found per Rieske and mononuclear center that was oxidized.
In contrast, upon completion of the reaction in PDO, phthe mononuclear center was found to
be in the ferrous state, and one product was formed per two Rieske centers oxidized [7;8]. The
reason for this difference in the mechanism of catalysis is apparently related to differences in
structures between the PDO and other Rieske dioxygenases such as NDO or BPDO.

Crystal structures have been successfully determined for a growing number of the
dioxygenases. The X-ray structures of naphthalene (NDO) [9], biphenyl (BPDO) [10],
nitrobenzene (NBDO) [11], and cumene (CumDO) [12;13] dioxygenases, as well as 2-
oxoquinoline-8-monooxygenase (OMO) [14], and the ring-hydroxylating dioxygenase from
Sphingomonas CHY-1 (RHD) [15;16] all indicated that these enzymes are azf3 multimers,
with the a subunits containing both the Rieske and the mononuclear centers. An exception is
carbazole 1,9-dioxygenase (CarDO) [12], which is an ag trimer. In each case, the o subunits
of the trimer are arranged with the subunits oriented head-to-tail, with the Rieske center of one
subunit being close (~ 12 A) to the mononuclear center of the adjacent subunit. By contrast,
the Rieske centers of each subunit are > 40 A from the mononuclear centers of their own
subunits. The B subunit does not affect substrate specificity in NDO, but is apparently important
for catalysis, possibly stabilizing the a3 trimer [17;18]. PDO was shown to lack f subunits, and
based on earlier gel filtration data, was believed to be an o4 tetramer of 50 kDa monomers (~
200 kDa for the multimer) [19;20]. Although the tetramer model, by placing two Rieske centers
and two mononuclear centers close to each other, allowed for a consistent interpretation of
experimental data for kinetics and product formation [8], the a4 multimer was clearly dissimilar
to the a3z multimeric arrangement found in other known Rieske dioxygenases. It seemed
surprising that the enzymes from the same family, which perform essentially similar
hydroxylation reactions, would differ so much in the multimeric structural arrangements. Thus,
we considered more careful studies to investigate whether the arrangement of subunits within
the PDO multimer was hexameric, with the units arranged head-to-tail in two planar rings [4;
5]. Such an arrangement can be formally expressed as aza3. This arrangement still allowed for
two Rieske and two mononuclear centers to be in proximity to each other, and account for our
earlier findings on the stoichiometry of DHD formation during catalysis [8]. Because efforts
to obtain the crystal structure of PDO so far have not been successful, we have attempted to
clarify the question of the multimeric structure of PDO by other methods.

Electrospray ionization (ESI) has demonstrated capabilities with mass spectrometry (MS) to
measure the mass of non-covalent multimeric proteins [21]. We therefore used ESI in

Arch Biochem Biophys. Author manuscript; available in PMC 2008 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tarasev et al.

Page 3

conjunction with both MS and gas-phase ion mobility analysis [22] to measure the molecular
size of the PDO assembly. We complemented this study with gel filtration analysis and
differential ultracentrifugation. We also attempted to show how PDO subunits might be
arranged within the enzyme multimer to account for existing experimental data on single
turnover experiments.

MATERIALS AND METHODS

ESI-MS

ESI-GEMMA

Plasmids containing WT, D178A, and D178N PDO genes were constructed, and the proteins
were expressed in Escherichia coli and purified as described previously [4]. Concentrations of
enzymes were determined spectrophotometrically using Aes7s = 2.38 mM-1 cm? for the
extinction difference between oxidized and reduced PDO.

AnanoESI-QqTOF analyzer (QSTAR Pulsar XL, m/z range 40,000; Applied Biosystems/MDS
Sciex, Concord, ON, Canada) was used for the ESI-MS experiments. Borosilicate glass
nanospray emitters that are coated with Au/Pd to allow for 10-50 nL/min spray operation were
obtained from Proxeon (Odense, Denmark). Prior to ESI-MS, samples were desalted and
concentrated using Millipore Microcon Centrifugal Filter Devices in 20 mM ammonium
acetate pH 6.8.

The details of the GEMMA have been described elsewhere [22;23;24]. Briefly, the GEMMA
instrument (TSI Inc., St. Paul, MN) consists of an ESI unit with a neutralizing chamber, a
differential mobility analyzer (DMA), and a condensation particle counter (CPC). The DMA
voltage was scanned and data were recorded using Aerosol Instrument Manager Software. An
average density of approximately 0.6 g/cc was used to calculate the molecular mass of the
protein complexes. The software corrects for the efficiency of the condensation particle counter
as well as for a small fraction of multiply-charged particles, assuming a bipolar charge
distribution. The electrophoretic mobility diameter (EMD) maxima for peaks of interest were
calculated from this corrected data. Igor Pro 4.08 software (Wavemetrics, Portland, OR) was
used for further processing, including smoothing of spectra. From the GEMMA measurements
for a variety of proteins and protein complexes ranging in size from small protein dimers to
complexes as large as the 700 kDa 20S proteasome and MDa-range viral particles [25,26], an
average density of approximately 0.6 g/cc can be used to calculate their molecular masses. The
molecular masses calculated from the EMDs have an estimated accuracy of + 1-5%.

Analytical ultracentrifugation

Sedimentation velocity experiments were performed in an Optima XL-I ultracentrifuge
(Beckman-Coulter, Fullerton, CA). A double-sector charcoal-filled Epon centerpiece with
sapphire windows and 1.2-mm path-length was used. The reference sector was filled with 420
pL of dialysis buffer and the sample sector with an equivalent volume of sample containing
0.1 - 1 mg/mL protein. Solvent densities and viscosities were calculated with SEDNTERP
[27] or measured with a DMA5000 density meter (Anton-Parr, Ashland, VA). Data were
processed with the programs SEDFIT 9.3b [28] and SEDPHAT 4.1b [29]. Following thermal
equilibration in the centrifuge at 20 °C for at least 1 h at 0 rpm, the velocity experiment was
initiated by accelerating the rotor to 30,000 rpm. Boundary positions were determined using
both the Rayleigh interference and the absorbance (280 nm) optics with scans taken every 3-5
min. Sedimentation coefficient values derived from velocity data were fitted with SEDPHAT
4.1 using the hybrid local continuous/global discrete model with 2 discrete species. The values
for sy for different detection methods and protein concentrations were corrected for solvent
density and viscosity based on buffer composition, but were not corrected for protein
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concentration. The mass values were calculated by modeling the diffusional spreading of the
boundary as a function of time.

Gel filtration

Experiments were conducted using Sephadex 200 and Sepharose 6 columns from Amersham
Biosciences. BioRad protein gel filtration standards were used for calibration. PDO WT or
PDO D178A and D178N variants (0.2 mL of 120 uM) were loaded on a column that was
equilibrated with 0.1 M HEPES, pH 7.8, 3 mM phthalate, and 0.2 M NaCl. Columns were run
at 4 °C, with a flow rate of 0.5 mL/min. Protein was detected spectrophotometrically at 280
nm. For statistical analysis, the traces were approximated by a normal distribution function
that was constructed in Excel, using equation (1), where p is the mean and o is the standard
deviation.

252 (1)

The mean, the standard deviation, and the scaling factor for the amplitude of the signal were
used as variables for the fit and were calculated using Solver, a built-in Excel function. These
values were optimized to achieve the minimum possible squared deviation(s) between the
normal distribution and the experimental data.

All chemicals were of analytical grade and used without further purification.

RESULTS AND DISCUSSION

Gel filtration

Both WT PDO and the D178N variant eluted with the main peak at a position correlating to
about 250 kDa. Using a normal function to approximate the signal distribution observed in gel
filtration experiments, we calculated for both WT and D178N PDO a value of the mean
corresponding to a Stokes radius of ~ 253 kDa with a o = 55.6 kDa for the WT and ¢ = 59.6
for the D178N sample. Statistical analysis shows that the probability (P) that the protein in the
sample had a molecular weight of a tetramer or less (P(MW <200 kDa)) is about 0.15 for the
WT and about 0.14 for D167N variant. Similar probability analysis for a hexamer PDO
structure (P(MW) > 300 kDa) give a P = 0.28 for the WT and 0.27 for D178N variant. Although
the probability function appears to slightly favor the hexamer, the difference between tetramer,
pentamer, or hexamer forms is not statistically significant. However, the data does exclude the
possibility that either WT or D178N PDO can be an octomer (~ 400 kDa), as the probability
of such is very low (below 1.4 percent).

Gel filtration is a widely accepted tool to determine molecular weights of protein complexes
and aggregates. It is often used to establish binding stoichiometries and multimeric
organization states of proteins. However, statistical analysis of the results is rarely presented
in published data. As shown above, consideration of mean elution time may not be sufficient
for unequivocal allocation of the results to specific protein structures. Statistical analysis using
probability functions is necessary to establish distribution profile of gel filtration results and
to verify whether the correlation between the expected and experimentally obtained molecular
weights has statistical significance.

Mass spectrometry

The application of electrospray ionization mass spectrometry (ESI-MS), has demonstrated its
utility in structural biology for measuring non-covalently-bound protein-protein, protein-
ligand, and protein-oligonucleotide complexes [21;22;30;31;32]. This form of MS has been
termed “native” protein mass spectrometry, because the measurements usually provide the
same stoichiometric assembly size as that expected for the solution phase. For the measurement

Arch Biochem Biophys. Author manuscript; available in PMC 2008 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tarasev et al.

Page 5

of phthalate dioxygenase, two different forms of ESI-based analyses were performed: ESI with
lower resolution ion mobility analysis (gas phase electrophoretic mobility molecular analyzer,
or GEMMA) of singly-charged molecules [22;23;24;33] and ESI with a higher resolution
quadrupole time-of-flight mass spectrometer for the measurement of multiply-charged
molecules [22]. Both methods indicate that the wild-type PDO complex exists predominantly
in the hexameric form. The ESI-GEMMA spectra of the PDO proteins at concentrations
ranging from 1 uM to 1 nM, in pH 6.8 solutions, consistently yielded an abundant peak near
11.3 nm for the mean electrophoretic mobility diameter (EMD). Based on extensive GEMMA
measurements from our laboratory [22;24;25;33] as well as from those of others [23] for awide
size range of protein complexes, an average particle density of 0.6 g/cc was used to estimate
a protein molecular weight of 250-280 kDa for PDO (Figure 1). GEMMA spectra of the protein
solution in a more acid pH environment (pH 3), which denatured the protein complex, yields
an EMD of 6.4 nm, or approximately 45 kDa for the PDO monomer.

In agreement with these values, ESI-MS of PDO at pH 3 generated a spectrum for the multiply-
charged protein molecules that is consistent with a 48.8 kDa protein monomer (Figure 2A).
This correlates well with the molecular weight of 49.78 kDa predicted from the PDO sequence
and with the molecular weight of about 50 kDa determined by denaturing SDS-PAGE. Raising
the pH to 6.8 shifts the peaks in the mass spectrum (Figure 2B) to much higher mass-to-charge
(m/z) values (m/z 7000-8000) compared to the mass spectrum from denaturing solutions (m/z
800-1800). The observation of larger m/z peaks is consistent with previous reports of native
protein MS, and this phenomenon has been attributed to lower absolute multiple charging in
ESI mass spectrometer due to more compact tertiary-quaternary structures [21; 30]. These m/
z 7000-8000 peaks, representing a complex with 38+ through 42+ charges, correspond to a
molecular weight of the hexameric complex of 294.8 kDa (Figure 2B). Similar results (not
shown) were obtained for both D178A and D178N variants of PDO.

The presence of Fe and [2Fe-2S] centers in PDO is also suggested by the ESI-MS
measurements. The molecular masses of other metalloproteins that bind [2Fe-2S] and Fe
centers have been measured previously using ESI-MS [34]. A hexamer complex from the
measured mass of 48.8 kDa for the denatured monomer (without metal-binding) would yield
a calculated mass of 293.0 kDa, whereas the measured hexamer complex was measured to be
294.8 kDa. The addition of one 2Fe-2S and one Fe to each subunit would increase the total
calculated mass to 294.4 kDa, which is much closer to the measured value.

Similar mass spectrometer experiments were carried out for the Rieske oxygenases, CarDO
and NDO. CarDO is an a3 oxygenase with the mass of each o monomer predicted to be 43.8
kDa based on protein sequence. A mass for the denatured monomeric protein was measured
to be 44.7 kDa, and the ESI mass spectrum of the native CarDO complex yielded a mass of
134.8 kDa (Figure 3A). From the sum of the measured monomer mass and the addition of one
[2Fe-2S] and one Fe per subunit, the calculated mass of the trimer CarDO protein complex is
134.8 kDa, exactly as found for undenatured CarDO. For a3p3 NDO, the predicted masses are
49.6 and 22.9 kDa for the o and  subunits respectively; the masses of the denatured a- and
B-subunits were measured to be 49.6 kDa and 22.8 kDa, respectively. The intact azf3 NDO
complex yielded a measured molecular mass of 218.3 kDa (Figure 3B), and a calculated
hexamer protein mass of 218.6 kDa (with one [2Fe-2S] and one Fe per subunit). From the ESI-
MS data, one cannot definitively conclude that [2Fe-2S] and Fe are stoichiometrically bound
to the proteins; however the data are consistent with the hypothesis. Clearly, the MS ESI data
resulted in excellent correlations of the determined molecular masses of native multimers of
both CarDO and NDO with the expected values. Combined with the molecular masses of
denatured protein, this allowed for reasonable predictions of the multimeric structure of theses
enzymes.

Arch Biochem Biophys. Author manuscript; available in PMC 2008 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 6

Analytical ultracentrifugation

Multiwavelength analytical ultracentrifugation was used for determining the oligomeric size
of PDO at both low and high salt concentrations (Figure 4). Table 1 shows the results obtained
using the hybrid local continuous/global discrete model in SEDPHAT. Values of sy y did not
exhibit any obvious trend that correlated with protein concentrations; however, the values
observed in low salt conditions are consistently larger than those at high salt concentrations
(Table 1). The change in shape of a boundary as a function of time can be used to calculate the
mass of the particle as long as the boundary shape is not perturbed by phenomena such as
electrostatic effects or convection. At pH 7, PDO appears to exhibit a negative surface charge
that gives rise to electrostatic effects that may significantly affect the boundary. High salt
concentration in the sample would ameliorate these effects. Thus, the difference between the
masses determined at low and high salt conditions could be due to differences in electrostatic
interactions between the PDO molecules. Alternatively, a rapid hexamer—dodecamer
equilibrium process can be invoked to explain low/high salt differences; however, this seems
unlikely because of the large net charge on the molecule and the lack of sensitivity of the results
to the protein concentration. Overall, the results obtained under the high salt conditions should
provide a better estimate for the PDO multimer mass. At high salt the average oligomer size
is 6.1 PDO subunits, corresponding to a mass of about 300 kDa, and like the mass spectral
results, strongly suggesting a hexameric subunit organization in PDO.

Numerical Modeling

The dioxygenation of phthalate requires two electrons and both atoms of an oxygen molecule
being incorporated into the product. When reduced, fully active PDO reacts with phthalate and
oxygen. Both electrons necessary for DHD formation are ultimately provided by the Rieske
centers of the enzyme. At the end of the reaction, the mononuclear iron center of PDO is found
in the ferrous state [7;8]; it is possible that iron acts as a transient electron donor in catalysis
and then becomes reduced by a nearby Rieske center. Thus, in single turnover experiments
only one equivalent of DHD is formed per every two Rieske centers oxidized; furthermore,
only one active iron mononuclear center per two Rieske centers is necessary to generate the
entire product possible. When only some iron mononuclear centers are active (e.g., in the case
of APO-PDO partially reconstituted with iron), the amount of product produced would depend
on the distribution of the Fe(Il) among all available mononuclear centers. Depending on the
arrangement of the subunits in the multimer, each Rieske center may be able to transfer
electrons to one or more Fe-mononuclear centers. With each mononuclear center being in
contact with at least two Rieske centers, full product could result from only 50% reconstituted
PDO. The particular arrangement present will also affect the estimated amount of DHD
produced in the course of oxidation of reduced PDO. In our model the PDO hexamer consists
of two PDO trimers, each arranged in a head-to-tail a subunit arrangement as observed in many
other Rieske dioxygenases [9;10;11;12;13;14]. The arrangement, presented in Figure 5A, has
two mononuclear iron centers and two Rieske centers from four different subunits near to each
other (Figure 5B), and this motif occurs at three positions in the hexamer.

We have previously tested what levels of product will be formed with partially iron-depleted
PDO [8]. Here we have calculated how these levels of product formation can be accounted for
based on the hexameric structure of the enzyme. The Berkeley Madonna Version 8.0.1 program
was used to model the fractional reconstitution of the mononuclear centers of APO-PDO with
different levels of added Fe(ll). The main assumptions used in the model are: i) Fe(ll)
preferentially binds at the mononuclear centers rather than adventitiously at other regions of
PDO; ii) All mononuclear centers can bind Fe(ll); and iii) There is no significant cooperativity
in iron binding at the mononuclear centers (random Fe(11) binding at the mononuclear centers)
and no preferential binding of oxygen to a given mononuclear iron. This seems reasonable
because for WT PDO in the presence of phthalate, Fe(ll) does bind tightly to the WT PDO
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(Kg about 1 pM) with no observed cooperativity [4]. At 1:1 stoichiometry between free Fe(ll)
and PDO monomers, each monomer would be fully populated,; at lower relative concentrations
of free Fe(ll) only some of the mononuclear sites would contain iron, thus creating species
containing different amounts of iron bound at different subunits of PDO multimer.
Concentrations of each particular species relative to the total PDO monomer concentration
would then be a function of amount of free iron in the solution. The fractional concentration
of mononuclear centers of the hexamer that has iron incorporated, can be calculated as a
function of different levels of added iron. Figure 6 shows possible PDO multimeric species for
various distributions and amounts of Fe(Il) bound at the mononuclear centers for the model
presented in figure 5. The relative amounts of each species at different levels of exogenously
added free Fe(ll) is presented in Table 2.

Based on the calculated iron distribution profile using the assumptions stated above, the
maximum amount of DHD that could be produced was calculated. This amount depends on
the number and distribution of iron-containing mononuclear centers. Similarly to our previous
analysis [8], the amount of product produced by each particular species shown on figure 6, was
calculated on the basis of the following assumptions: iv) Only one active mononuclear center
per two Rieske centers is necessary for DHD formation (no net electrons are provided by the
Fe(ll) incorporated into the mononuclear center), and if an active site were available, two
Rieske centers would cooperate to irreversibly provide one electron each for DHD formation;
v) Electron transfer is slow between the Rieske centers of individual hexameric enzyme
molecules, as well as between the Rieske and mononuclear centers within a given monomer;
vi) All Rieske centers can be oxidized, but only those coupled to a mononuclear Fe(ll) center
will give rise to a product. These assumptions naturally follow from the reported experimental
results and the model proposed previously [4;7;8].

The quantities of DHD expected to be produced by each species shown in figure 6 (between
zero and 3, depending on the pattern of Fe(l1) distribution among the iron mononuclear centers
in PDO multimer) is shown in Table 2. For example, E100 species would be able to produce
one molecule of product per multimer (per six Rieske centers oxidized), similar to the E200
species. That is because in the E200 species both Fereconstituted mononuclear centers are
located near to the same two Rieske centers, and thus the total amount of DHD produced would
be limited by the available electron supply from the adjacent Rieske centers (2 electrons). On
the other hand, E110, E210, and E220 would produce two molecules of product, and E111,
E211, E221, and E222 would produce three molecules of DHD per 6 Rieske centers oxidized.
Data presented in the table are based on the additional assumption vii) that all mononuclear
centers are active, which is true at least for the WT enzyme used in both this study and
previously [8]. Combined, the amounts of DHD produced for each possible distribution of Fe
(11) among the iron mononuclear centers and the fractional content of these species determine
the amount of DHD PDO hexamer would produce at each level of extrageneous free iron.

Dialysis of PDO in the presence of EDTA results in the loss of iron from the iron mononuclear
center with the development of EO0O species. For that species, no DHD is formed in the course
of reduced PDO reacting with oxygen. Reconstitution of such PDO with measured, sub-
stoichiometric amounts of Fe(ll) results in partial reconstitution of the mononuclear centers,
with the distribution of iron among the centers in PDO multimer determining the amount of
DHD produced in the single turnover oxidation of reduced PDO. Both estimates, based on the
model shown on figure 5 and the assumptions detailed above, and the experimentally observed
amounts of DHD produced [8], are presented in Table 2. There is good correlation between
the predicted and experimentally observed amounts of DHD.

Overall, the proposed hexameric structure of PDO (Figure 5) has many similarities to that of
the enzymes in NDO family. The main difference is instead of a and B trimeric planar rings,
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both rings in PDO are composed of a subunits. Thus, the PDO structure can be formally
expressed as ozoz, to emphasize the division of the subunits into two trimers. Such an
arrangement brings two Rieske centers and two mononuclear centers from four subunits located
on two planar rings in proximity to one another, allowing for both Rieske centers to participate
in the catalysis at a single Fe-mononuclear site. This process leaves the mononuclear iron in
the ferrous state after the oxidation of the Rieske center and the formation of the product. No
such effect was observed in NDO and similar enzymes, as they obviously lack the second
Rieske center proximal to the mononuclear iron. To the best of our knowledge, this is the first
time such cooperativity has been shown for Rieske oxygenases. As detailed above, in many
other Rieske dioxygenases the Rieske center of one subunit is positioned for delivering
electrons to the Fe-mononuclear center on the other subunit. However, none appear to have
the capacity for two Rieske centers to participate in electron transfer to the same Fe-
mononuclear center, or alternatively, for any one Rieske center to deliver electrons to two
different Fe-mononuclear centers.

CarDO appears to be stable and catalytically active in an a3 form [12;35], while in both NDO
[9] and in TDO [36] the B subunit, although it does not contain any activity centers, appears
to be essential for enzyme activity, and plays supposedly a structural role. Cooperative
interactions between o subunits in PDO, as described above, implies that in PDO both trimer
ag rings are essential for catalysis. It remains yet unknown whether such an interaction observed
in single turnover experiments is a valid model for steady-state turnover, where consecutive
electron transfers through the same Rieske center are possible. It also remains to be determined
whether the az rings in PDO have a structural function, stabilizing the multimer, similar to that
in NDO and TDO, or, at least in steady-state catalysis, they can function independently.

The presented evidence is consistent with an azoz model of subunit arrangement in PDO.

Although superficially similar to af arrangement observed in most Rieske dioxygenases, this
structure has probably arisen from different functional requirements placed on the Fe-
mononuclear center by the need to accommodate phthalate as the substrate. Further comparison
of functional and structural differences and similarities between these structures could further
improve our understanding of the specifics of the catalysis mediated by the joint action of
Rieske and iron-mononuclear centers.
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PDO, phthalate dioxygenase

WT PDO, enzyme with no substitutions in the sequence
APO-PDO, PDO with the mononuclear center lacking the iron
NDO, naphthalene dioxygenase

TDO, toluene dioxygenase

AntDO, anthranilate dioxygenase

BPDO, biphenyl dioxygenase
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BZDO, benzoate dioxygenase

NBDO, nitrobenzene dioxygenase

CarDO, carbazole 1,9a-dioxygenase

CumDO, cumene dioxygenase

OMO, 2-Oxoquinoline-8-monooxygenase

ESI-MS, electrospray ionization mass spectrometry

GEMMA, gas phase electrophoretic mobility molecular analyzer.
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Figure 1.

ESI-GEMMA spectrum of WT PDO acquired at pH 6.8. The measured electrophoretic mobility
diameter of 11.3 nm corresponds to a molecular weight of approximately 280 kDa.
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Figure 2.

ESI mass spectra of WT PDO acquired at pH 3 (A) and pH 6.8 (B). The corresponding mass
spectra converted to the mass domain are shown in the insets. A denaturing pH 3 solution yields
a MW for the monomer of 48,838 + 3 Da. The protein complex measured under near native
pH conditions yields 294,779 + 53 Da.
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ESI mass spectra of CarDO (A) and NDO (B) in 20 mM ammonium acetate, pH 6.8. The
corresponding mass spectra converted to the mass domain are shown in the insets. For CarDO,
a MW for the denatured monomer and the native o3 trimer was measured to be 44,711 + 2 Da
and 134,853 + 9 Da, respectively. For NDO, the measured MWs for the denatured a- and B-
subunits were 49,607 + 2 Da and 22,802 + 0.2 Da, respectively. The MW of the intact o3f3
native NDO complex was measured to be 218,283 + 58 Da.
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Figure 4.

Interference optics detection of PDO sedimentation in low salt conditions (see Table 2).
Concentration of PDO and the fitted results in fringe units against radial position are shown at
27 minute intervals (9 minutes for the last interval) during the velocity experiment (A); the
differences between the observed and calculated fringes are offset by -.5 units to aid in
visualization (B) and the distribution of sedimenting species with a given s value against the
sedimentation coefficient corrected to 20°C and water are in (C).
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Figure 5.

Proposed ag model of PDO (A). The PDO monomers are arranged in two oz rings stacked one
on top of the other. Rieske and Fe-mononuclear sites of four different subunits are located near
each other (B) as indicated by previously reported kinetic and product analysis results [7;8].
The model was constructed on the basis of structural data from studies of NDO [9].
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Figure 6.

Binding of Fe(l1) to the mononuclear centers of the PDO hexamer. The PDO hexamer has three
assemblages each containing two Rieske and two mononuclear centers. Each mononuclear Fe
(11) center may either contain ( *) or lack ( x ) iron. The model does not differentiate which of
the two mononuclear centers within a given assemblage binds Fe(l1). The model has a 120°
rotational symmetry; thus, structures that can be reduced to one another by rotation are not
differentiated.
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