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ABSTRACT: Rieske dioxygenases catalyze the reductive activation &1@he formation ottis-dihydrodiols

from unactivated aromatic compounds. It is known thai€activated at a mononuclear non-heme iron

site utilizing electrons supplied by a nearby Rieske iron sulfur cluster. However, it is controversial whether
the reactive species is an Fe(tHjhydro)peroxo or an Fe(ltj(hydro)peroxo (or electronically equivalent
species formed by breaking the-@ bond). Here it is shown that benzoate 1,2 dioxygenase oxygenase
component (BZDO) prepared in a form with the Rieske cluster oxidized and the mononuclear iron in the
Fe(lll) state can utilize KD, as a source of reduced oxygen to form the corogetihydrodiol product

from benzoate. The reaction approaches stoichiometric yield relative to the mononuclear Fe(lll)
concentration, being limited to a single turnover by inefficient product release from the Fefididuct
complex. EPR and Mesbauer studies show that the iron remains ferric throughout this single turnover
“peroxide shunt” reaction. These results strongly support Fe(llydro)peroxo (or Fe(\)oxo—hydroxo)

as the reactive species because there is no source of additional reducing equivalents to form the Fe(ll)
(hydro)peroxo state. This conclusion could be further tested in the case of BZDO because the peroxide
shunt occurs very slowly compared with normal turnover, allowing the reactive intermediate to be trapped
for spectroscopic analysis. We attribute the slow reaction rate to a forced change in the normally strict
order of the substrate binding and enzyme reduction steps that regulate the catalytic cycle. The reactive
intermediate is a high-spin ferric species exhibiting an unusual negative zero field splitting and other
EPR and Masbauer spectroscopic properties reminiscent of previously characterized side-on-bound
peroxide adducts of Fe(lll) model complexes. If the species in BZDO is a similar adduct, its isomer shift
is most consistent with an Fe(lthhydroperoxo reactive state.

Rieske non-heme iron dioxygenases catalyze the stereo-as environmentally friendly routes to chiral precursor com-
and regiospecific, @dependent conversion of aromatic pounds for synthetic applicationg, (2).
substrates intais-dihydrodiols, thereby initiating the trans- Benzoate 1,2-dioxygenase (BZDO®) a typical Rieske
formation of relatively unreactive aromatic molecules into dioxygenase system that converts benzoic acid into 1-car-
useful carbon sources for bacteria. The introduction of boxy-1,2€is-dihydroxycyclohexa-3,5-diene (benzoatés-
oxygen atoms into organic substrates in this way is not diol) (3—5). The overall reaction stoichiometry requires one
observed for any other enzyme class, suggesting that Rieskenolecule of Q and two electrons from NADH to form the
dioxygenases use a novel oxygen activation and/or insertioncis-dihydrodiol product as shown in the illustration.
mechanism. Despite substantial progress in understanding

the structure, regulation, and kinetics of these systems in COOH  NADH, H* NAD®  Hooc, OH
recent years, a consensus has not been reached on the o
chemical steps in this mechanism. A thorough understanding * O Benzoate 12

of the mechanism may lead to improved processes for the Dioxygenase

biodegradation of recalcitrant aromatic pollutants, as well )
BZDOS is the archetypal member of the benzoate/toluate

* This work was supported by National Institutes of Health (NIH) Rieske dioxygenase subgroup and is composed of a reductase
Grants GM-24689 (J.D.L.) and GM-22701 (E.M.). M.B.N. was (BZDR) and an oxygenase (BZDO) componeft 8, 6).

supported in part by NIH Training Grant GM-08277. BZDR is a 38 kDa protein containing an FAD and a [2Fe-
* To whom correspondence should be addressed at the Department

of Biochemistry, Molecular Biology, and Biophysics, University of

Minnesota, 6-155 Jackson Hall, 321 Church St. SE, Minneapolis, MN  * Abbreviations: MOPS, 3MN-morpholino)propanesulfonic acid;

55455, E-mail: lipsc001@tc.umn.edu. Tel: (612) 625-6454. Fax: (612) MSB, Hutner’'s mineral salts base; BZDOS, benzoate 1,2- dioxygenase

624-5121. system; BZDO, oxygenase component of BZDOS; BZDR, reductase
* University of Minnesota. component of BZDOS; benzoates-diol, 1-carboxy-1,2is-dihydroxy-
§ Carnegie Mellon University. cyclohexa-3,5-diene; NDO, oxygenase component of the naphthalene

'Current address: Facllties Sciences de Sairitrdme, case 432, 1,2-dioxygenase system; PDOS, phthalate dioxygenase system; PDO,
Avenue Escadrille Normandie-Niemen, 13397 Marseille cedex 20, oxygenase component of PDOS; EDTA, ethylenediaminetetraacetic
France. acid.

10.1021/bi700120j CCC: $37.00 © 2007 American Chemical Society
Published on Web 06/14/2007



Oxidized Benzoate 1,2-Dioxygenase Peroxide Shunt

2S] cluster with all cysteine ligatior7). BZDR is reduced

by NADH and transfers electrons in a stepwise manner to
the Rieske cluster of the oxygenase component during
turnover 8, 9). BZDO is a 200 kDa multimeric protein with

an (3)s quaternary structures]. Eacho. subunit contains a
mononuclear non-heme iron active site and a Rieske-type
[2Fe-2S] clusterX0—14). Spectroscopic studies demonstrate
that substrate binding and oxygen activation occur at the
mononuclear iron center3( 15, 16). The X-ray crystal

structures of related oxygenases also demonstrate substrate
binding near the mononuclear iron and strongly suggest that
electron transfer to this center occurs from the Rieske cluster

located in anothen-subunit across the subunit boundary
(10-13, 17).

The metal site composition for BZDO suggests that three
oxidation states can be stabilized as indicated in the illustra-
tion:

Fe(lll) o Fe(ll) e Fe(ll)
e, LP0 | .

S S S
Fe(lll)  Fe(lll) Fe(ll)  Ee(lll) Fe(ll)  Fe(lll)
Noo X o
S S S
ferriBZDO ferroBZDO ferroBZDOR

The fourth potential state with the Rieske cluster reduced
and the mononuclear iron in the oxidized state is not stable
due to the relative redox potentials of the metal centers. Our
previous studies demonstrated that BZDO alone, if first
chemically reduced to the fully reduced ferroBZB6&tate,
can activate @and generate theis-dihydrodiol product in
a single turnover reactior3). Following the single turnover,
the enzyme was found to be in the fully oxidized ferri-
BZDO®* state with the product largely retained in the active
site, indicating that the mononuclear iron and Rieske centers
each provide one of the two electrons required by the reaction

stoichiometry. The same was found to be true for naphthalene

1,2-dioxygenase oxygenase component (NDO), which pro-
duced essentially stoichiometric yield in a single turnover
based on the number of populated mononuclear sites prese
(18).

The observation that the two electrons present in the
Rieske and mononuclear iron centers of NDO and BZDO
are utilized during a single turnover was interpreted to
support the mechanism shown in Scheme 1 in whighsO
activated by being reduced to the peroxo state after binding
to the mononuclear iron (Fe(IH)(hydro)peroxo). This state
might then react directly with bound substrate (pathway 1),
or O—0 bond cleavage might occur to yield a formal Fe{V)
oxo—hydroxo species prior to reaction (pathway 2). An

n
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Scheme 1: Alternative Proposals for the Reaction Cycle of
Benzoate 1,2-Dioxygenase
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cluster from anothew-subunit beyond that normally paired
with a given mononuclear center. While this is feasible in
the case of phthalate dioxygenase due to its atypical
quaternary structufethat might allow closer proximity of
the ancillary Rieske cluster, it seems unlikely that two
different mechanisms could result in the same final product,
given the unique nature of the catalyzed reaction.

One way to differentiate these mechanistic alternatives is
o examine the ability of the Rieske dioxygenases to utilize
a peroxide shunt for catalysis in place of the usual reductive
O, activation cycle. In the peroxide shunt;®} and substrate
are incubated with the oxidized enzyme,Q4 can, in
principle, provide both the oxygens and the two electrons
required for product formation. Observation of a functional
peroxide shunt would support a mechanism as shown in
Scheme 1 pathways 1 or 2 in which only two reducing
equivalents are required to yield an activated species that
can attack an aromatic substrate.

Previously, we demonstrated that ferroN®@acts with

alternative mechanism, shown in Scheme 1, pathway 3,H20. and naphthalene to form thes-dihydrodiol product
invokes an additional step in which an electron is donated in & peroxide shunt reaction where the incorporated oxygen
to the initially formed Fe(lll}-peroxo species to yield an derives from HO, (23). While this supports the mechanism
Fe(ll)—peroxo intermediate that could react either directly shown in Scheme 1 pathways 1 or 2, two aspects of the
or as an Fe(IV)-oxo—hydroxo species after ©0 bond reaction prevented drawing an unequivocal conclusion. First,
cleavage. The latter mechanism is supported by studies ofthe resting state of NDO is ferroND®rather than the fully

the phthalate dioxygenase system (PDOS) in which it was 0xidized ferriNDO* state. Consequently, a third reducing
reported that, while a product-yielding single turnover equivalentis potentially available in the system after adding
occurred as observed for NDO and BZDO, the mononuclear Peroxide. Second, the peroxide shunt results in only a single
iron was left in the Fe(ll) state after the reactick9,(20). turnover due to the fact that the mononuclear iron is oxidized
This suggested that an additional electron was transferred
to the mononuclear site at some stage of the catalytic cycle. 2ppg was reported initially to be am, tetramer 19, 21). More
It was postulated that the source of this electron is a Rieskerecent experiments suggest anhexameric structure2@).
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to the ferric state at some point. We have shown that this iron, and®Fe was added from a stock solution to a final
state does not rapidly release product, thereby blocking concentration of 0.4 mg/L. Thé&Fe stock solution was
further turnover 18). Together, these observations show that prepared by dissolving’/Fe metal in aqua-regia.

three reducing equivalents are consumed in the single BZDOS AssaysThe activity of BZDO was routinely
turnover peroxide shunt, which might support Scheme 1 determined by measuring;@onsumption using a polaro-
pathway 3 if the presence of the third electron is necessarygraphic Q electrode (Hansatech). Standard assay conditions
for the shunt to function. It should be noted, however, that are 0.1 M MOPS pH 6.9, 0.1 M NaCl, 1 mM benzoate, 0.3
Scheme 1 pathway 3 predicts that the mononuclear iron will MM NADH, 1 uM BZDR, 23 °C. The amount of BZDO
remain reduced at the end of the reaction, and thus productwas adjusted to obtain a sufficient rate for accurate deter-
should be released and the peroxide shunt should proceednination, which was usually in the range of 60.5 uM

through many turnovers, contrary to what is observed.

(a5). In an experiment described in Results, BZDO activity

Here we approach this problem by examining the peroxide was assayed for samples removed from a progressing

shunt reaction of BZDO. Unlike NDO, BZDO can be isolated
with either Fe(ll) or Fe(lll) in the mononuclear sit8) (It is

peroxide shunt reaction. This reaction contained AM
BZDO (o), and, in some cases, the sample was pretreated

shown that a peroxide shunt reaction initiated from the With 10 ug of catalase to consume;®, carried over from

ferriBZDO* form of the enzyme results in benzoatis-
diol formation. Thus, this study provides strong support for

peroxide shunt reaction prior to assay.
The activity of BZDR was routinely assayed at 23 by

an oxygen activation mechanism that does not require a thirdfollowing the reduction of KFe(CN} spectrophotometrically
reducing equivalent to yield a reactive species that is capableat 420 nm 8). In the experiment leading to Figure 4, NADH

of producing the corredtis-dihydrodiol product. In addition,
the unique properties of ferriBZD®allow direct charac-
terization of a key reactive intermediate in Rieske dioxy-
genase catalysis.

MATERIALS AND METHODS

ReagentsMOPS, sodium benzoate, catalase, chelex-100
and 1,10-phenanthroline were purchased from Sigma-Ald-

rich. HEPES, HO,, EDTA, and KCN were purchased from

Fisher in the highest grade available and used without further

purification. Authentic benzoateis-diol was prepared ac-
cording to published procedure 24). Water was deionized

and further purified using a Millipore reverse osmosis system.
5"Fe (95.38%) was purchased from WEB Research Co.

(Edina, MN).
Cell Growth Pseudomonas putidiat-2 (ATCC 23973),
cured of the TOL plasmid, was grown on modified Hutner’s

consumption at 23C was monitored spectrophotometrically
at 340 nm in the presence and absence gd.HThese
reactions contained2M BZDR and 300uM NADH in 0.1
M MOPS pH 6.9, 0.1 M NaCl. In particular, these reactions
did not contain a terminal electron acceptor, such as BZDO
or KsFe(CN}, nor did they contain catalase.

Iron Determination.The total iron content of purified

' BZDO was determined using a Varian SpectrAA-100 atomic

absorption spectrometer. The iron content of the Rieske
cluster was determined using EPR spectroscopy, making the
assumption that all Rieske clusters contain both ir@nsA
sample of BZDO was completely reduced by adding an
excess of sodium dithionite. The EPR spectrum from the
reduced Rieske clusteg & 2.01, 1.91, 1.77) was quantified
according to the method described by Aasa arndngad
using Cu(ClQ), as a standard2p). The instrumental
parameters used to collect the EPR spectra were 100 kHz
modulation frequency, 10 G modulation amplitude, 5000 G

mineral salts base (MSB) supplemented with 5 mM sodium sweep width (center fiele= 2500 G), 0.2 mW microwave
benzoate as the sole carbon source (MSB-benzoate) aower, 20 K. The same conditions were used for the standard,

described previously3j.

Enzyme PurificationBZDO was purified fromP. putida
mt-2. FerriBZDO* was purified using the previously reported
method | B). FerroBZDO* was prepared according to a
modified version of method I13) in which the mononuclear
site was depleted of iron using chelators during the initial
stages of the purification. EDTA (10 mM) and 1 mM 1,10-

except that the microwave power was reduced to 0.005 mW.
The difference in microwave power was accounted for in
the spin quantitation. The mononuclear iron content was
determined from the difference between the total iron content
and the Rieske iron content.

Peroxide Shunt ReactionBeroxide shunt reactions were
initiated by mixing equal volumes of peroxide and enzyme

phenanthroline were included in the buffer used to resuspendsolutions at 23C. The peroxide solution was composed of
the frozen cell paste prior to breaking the cells. The Rieske 0.1 M H,0,, 0.1 M MOPS pH 6.9, and 15 mM benzoate
center is not susceptible to iron removal under these unless otherwise indicated. The enzyme solution was com-

conditions. EDTA (1 mM) was added to all other buffers

posed of 256-300uM BZDO (o), 0.1 M MOPS pH 6.9,

except for that used to develop the Sephacryl S-300 size-15 mM benzoate, and 20 mM KCN unless otherwise
exclusion column. Instead, the size-exclusion buffer was indicated. KCN is included to suppress a small background
treated with chelex-100 prior to use in order to remove trace catalase activity. The EPR spectrum of ferriBZB@ the

metals. The purified apoprotein (BZRE) was then recon-
stituted with ferrous ammonium sulfate prior to use in
experiments3). BZDR was purified as described previously
@)

Preparation off’Fe Enriched Enzymé&’Fe-labeled BZDO
was purified according to method | frof putidamt-2 cells
grown in MSB-benzoate supplemented withe. To prepare
the minimal media, all precursor solutions used in MSB-

presence of 10 mM KCN is unchanged from that reported
previously for a sample that did not contain KCIS),(
suggesting that CNdoes not bind to the mononuclear iron.
When required, aliquots of the reaction were transferred to
EPR tubes and frozen in a dry ice/acetone bath for analysis
by EPR spectroscopy. Msbauer samples were prepared in
a similar manner, except that liquid nitrogen was used to
freeze the samples. EPR and $88bauer samples contained

benzoate were made without the addition of the prescribed0.7 and 0.951.2 mM BZDO (@}3), respectively. In order



Oxidized Benzoate 1,2-Dioxygenase Peroxide Shunt Biochemistry, Vol. 46, No. 27, 2008007

to perform product analySisf an equal YO_'Ume of methanol Table 1: Product Yield from Peroxide Shunt Systéms
was added to stop the reaction by precipitating the enzyme.

Unless otherwise noted, reactions were stopped at 60 min. product yield

Samples were vortexed for 30 s and centrifuged at 1000 system cis-diol/o8  cis-diol/mononuclear Fe
for 8 min at room temperature to remove the precipitate. ferroNDO* + 30 mM HO* 0.6 (0.3) 0.8 (0.2)

The supernatant was transferred to another sample tube am?E"QBZD?’: +50mM K0,  0.4(0.2) 0.6 (0.2)

either analyzed immediately or stored &R0 °C until errBZDO™ +50 MM H,0,  0.5(0.3) 0.7(0.2)
analysis. aConditions: see Materials and Method3.ypically 50-75% of

Product Analvsis by HPLCR fi | the mononuclear iron sites are occupieBata from ref23 and
roduc nalysis by ~eaction samples wWere  ,qgitional experiments. The highest yield per mononuclear iron site

analyzed on either a Waters Breeze HPLC equipped with aobserved to date is 0.94 with an incubation time of 1.5 h and 100 mM
1525 pump and a 2487 detector or a Beckman System Goldbenzoate added.

HPLC equipped with a 126 solvent module and a 166
detector module. To obtain diode array spectra of the reaction 08
product, samples were analyzed using a SpectraSystem I
P4000 HPLC system equipped with a UV6000L diode array *
detector. The reaction mixture was first acidified by mixing
4 volumes of sample with 1 volume of 24%,%$0, and
subsequently separated with an Agilent Zorbax StableBond
C-18 column (4.6x 150 mm, 5um) using an isocratic
method. The solvent composition was 4% A (0.1% formic
acid in acetonitrile)/96% B (0.1% formic acid in water) with
a flow rate of 0.5 mL/min { = 262 nm). Under these
conditions, authentic benzoatis-diol elutes at 14.3£0.2) .
min. o0 0 50 100

Benzoate K Determination.The dependence of the initial Time (minutes)
rate of the peroxide shunt reaction on benzoate concentratiorFicure 1: Time course of product formation by the® shunt
was fit to a hyperbola using the nonlinear fitting function reaction of ferriBZDOX. The product yield per occupied mono-
within Microcal Origin software. nuclear iron site is plotted versus time for the ferriBZB®I,0,

H.,O, Det inationTh t of KO det ined shunt reaction. Reaction conditions were as described in the
2U2 Letermination.Ihe amount ot i, was determine Materials and Methods section except that the benzoate concentra-

in test samples by measuring the amount efg@oduced tion after mixing was 1 mM (circles). Data points with three or
from the sample using a calibrated polarographiel®ctrode more repeats are shown with error bars while those with two repeats

in the presence of catalase. The assay containedut2ds are shown as an average. The solid line is an exponential fit to the

catalase in 1.0 mL of 50 mM MOPS pH 6.9. Once a stable data. Inset: The first 10 min of the shunt reaction are plotted for
- . S . benzoate concentrations after mixing of 1 mM (circles) and 10 mM

baseline was observed, froduction was initiated by adding  (giamonds). The solid lines are linear fits to the data.

20 uL of an appropriately diluted test sample. Once the O

production reached a plateau, the changediod@centration reported for formation of naphthalenis-diol by ferroNDO*
was measured. (23). The product yield varies substantially from preparation
SpectroscopyElectronic absorption spectra were recorded to preparation, but the average yield per occupied mono-
using a Hewlett-Packard 8453 diode array spectrophotometernuclear site is found to be60%. As in the NDO case, the
X-band EPR spectra were recorded using Bruker Elexsysproduct yield from BZDO was not observed to exceed one
E-500 and Bruker ESP 300 spectrometers equipped withproduct per occupied mononuclear iron site for any prepara-
Bruker dual mode cavities and Oxford ESR 910 liquid helium' tion of the enzyme.
cryostats. Spectra were analyzed as previously described pgarovide Shunt Reaction of FerriBZBOFerriBZDO™
using either WinEPR and SimFonia (Bruker) for spectral was shown by EPR and Msbauer spectroscopies to contain
integrations and §imulations,_ respectivelygy, or th? soft- no ferrous ion (see below). This form of the enzyme also
ware package SpinCount written by M. P. Hendrich, Cam- ;o145 henzoateis-diol in a peroxide shunt reaction as shown
egie Mellon Umvgrsﬂy. For the Iatter,.quantlflcatlon of all ;i Table 1 and Figure 1. Diode array spectra acquired during
signals was relative to a CUEDTA spin standd®#D was  yhe {p| ¢ analysis show that benzoate-diol is the only
determined from thg-values as previously describetd. species that increases in concentration during the reaction.
The Mgssbauer spectrometers were of the constant ac-again, considerable batch-dependent variation is found in
celeration type and were equipped with Janis SuperVaritempipe product yields relative to the BZD@J protomer
cryostats. External magnetic fields up to 8.0 T were applied concentration, but less variation is found relative to the
parallel to the observeghradiation. Isomer shifts are reported occupied mononuclear iron site concentration. The average
relative to iron metal at room temperature. The data were yield is this case is~70% per occupied mononuclear iron
analyzed with the software WMOSS (WEB Research, Inc., sjte and did not exceed one product per occupied site in any
Edina, MN). experiment Thus, despite the presence of excess peroxide
and benzoate at the start of the reaction, neither form of
RESULTS BZDO is capable of multiple turnover as observed for the

Peroxide Shunt Reaction of FerroBZPOAs shown in  ferroNDCO™ peroxide shunt reactior2g).

Table 1, ferroBZDO* forms benzoateis-diol in a peroxide Benzoatecis-diol was not detected when control samples
shunt reaction in a manner analogous to that previously lacking either HO, or BZDO were analyzed by HPLC

o
(2]
T

©
IS

o o
Noow
T

o

Shunt yield ( cis-diol / Fe)
=] [=}
N »
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o
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Table 2: Effects of Conditions on the Product Yield from BZDO 08
Peroxide Shunt Systerhs
condition or treatment rel yield AOJ
complete shunt system 1.0 E‘f 06
— BzZDO 0 505
— H0, 0 2
+ 50 mM mannitol 0.95 204
+ 3uM SOD 0.90 >03k
+ 90uM BZDR (0x) 1.02 £
+ 360uM Fe(ll) 2.09 ©02
+ 360uM Fe(lll) 0.93 ©
Fe(ll) + H,0, (no BZDO) 0 01 _
Fe(lll) + H,0, (no BZDO) 0 0.0 Lu . L . L
2 Conditions: see Materials and Method§.he mononuclear site 0 Tim1e (hours)

was about 50% occupied in the preparation used for this experiment .

before addition of Fe(ll). Fe(ll) itself has been shown not to supply 'GURE 3: Effect of HO, concentration on the rate and extent of

electrons for normal, @iinked turnover. the peroxide shunt reaction. The reaction conditions are described
in the Materials and Methods section, except th®X+toncentration

was either 0 mM (squares), 10 mM (circles), or 50 mM (triangles)

0.05 7/ after mixing.

0.04 be stable for at least 24 h in reactions containing 50 mM
€ H,0.. An accurate dependence of the rate and yield gb,H
S could not be obtained due to a low background catalase
&L activity that caused significant changes in thgdppresent
3 during the reaction at concentrationd 0 mM and slow ¢ 1
E 0.02 h) degradation of both the enzyme and the product&;,H
= concentrations-100 mM.

V.

0.01 Localization of the Peroxide Shunt Reaction to the BZDO

Active Site. Several molecules were tested as potential
effectors of the ferriBZD® peroxide shunt (Table 2).
. 5 10 15 20 70 75 &0 Addition of scavengers of various oxygen radical species
[Benzoate] (mM) such as superoxide dismutase and mannitol exhibited insig-
EgUReErg;(i dlzﬁs?wcljn?frgae&iz:r?t?hcginn?ﬁglt(/aéliggitogft?ﬁei?(l,triggz%%m nificant effects on the shunt yield. These results indicate that
Hzolz shunt reaction is plotted versus the bexzoate concentration.d'ﬁUS'ble’ oxygep—derlveq radicals are not requns@le for
Initial velocities were determined from a linear fit of the first 10 ~the product-forming reaction. Furthermore, benzaéeliol
min of each progress curve (see Figure 1, inset). Reaction conditionswas not detected in Fenton reaction mixtures consisting of
are described in the Materials and Methods section with the a buffered solution of benzoate, Fe(ll), angld4. Increasing
benzoate concentrations indicated in the figure. the occupancy of the mononuclear site by adding ferrous
) . ammonium sulfate to the peroxide shunt reaction resulted
(Table 2). Increasing the benzoate concentration above the, increased product yield, but not above 1 pgrprotomer.
small amount present in the purified enzyme due 10 itS aggition of oxidized BZDR had no effect on the peroxide
inclusion in the purification buffers increases the rate at g nt yield, indicating that it does not play an effector or
which product is generated (Figure 1, ins&hen the initial electron-transfer role in the reaction.

velocity of product formation is plotted as a function of the

initial benzoate concentration, a hyperbolic curve is observed

with an apparenKy, of ~1 mM (Figure 2). This value is

over 2 orders of magnitude larger than g for benzoate

Kltfga/ ea?emprrgilgﬁle(;u;nﬁ;/ ?(rs)expenments when BZDR and respectively. Both of these va]ues are much lower than the
. i ' ’ .. turnover number for the optimally reconstituted enzyme

Figure 3 illustrates that the rate of product formation is system coupled to NADH oxidation at 2& (~27 s9).
also dependent upon the initiab®, concentration. BZDO Effects of HO, on the Reconstituted BZDO®le exam-

ree(?]lél;eeuse rglg::rznooélgs_g(i)or:ciin;ag%rlzn(t)f ZISIZ ’ 'r)A doégii; toof ined the effect of HO, on BZDO activity to determine if
9 9 yield. exposure to high peroxide concentrations alters the enzyme

:Iztgzodfu”r%%g;f ]!2'rtr'r‘]"l;t‘i)grr]t'Oﬁoséécgrreﬁﬁgor&nge::ﬁ; dthe integrity. Aliquots of a progressing BZDO peroxide shunt
X ' ' y reaction were removed and assayed for d@nsumption

after the product formation p'?‘t?aus' no additional product activity in the presence of NADH, BZDR, and benzoate as

formation is obsr_arved. The limited _ylell_d was not due to described in Materials and Methods. Under these assay
product degradation because benz lol was found to conditions, the @consumption activity decreased to about

20% of the control level even in the earliest samples

3 The preparation of ferroBZD® requires more steps than that of  evaluated €1 min). This might indicate that the 8,

ferriBZDO* and generally results in enzyme with lower specific ;
activity. Thus, it is likely that difference in yields observed between damages BZDO, however, treatment of the aliquot samples

the two forms of BZDO reflects fidelity of the enzyme rather than With catalase to remove; prior to the assay restored the
inherent differences in the peroxide shunt reaction. activity, showing that the rapid activity loss is not due to

0.00

Reaction RatesJnder the standard peroxide shunt reaction
conditions described in Materials and Methods, ferriB2DO
and ferroBZDO* form product at similar maximum initial
rates of 0.035+ 0.005 mimr! and 0.050+ 0.005 mir?,
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Ficure 4: Effect of HO, on NADH consumption by BZDR.
NADH consumption was monitored by UWisible spectroscopy
at 340 nm. Reaction conditionst = 23 °C, 2 uM BZDR, 300
#M NADH in 0.1 M MOPS pH 6.9, 0.1 M NaCl; 0 mM kD,
(upper trace) or 1 mM kO, (lower trace).

EPR Absorption Derivative

BZDO inactivation. Similarly, BZDR remained active in
catalase treated aliquots. The origin of the apparent activity
loss was identified by monitoring the NADH utilization by o 100 200 300 00 500

BZDR at 340 nm in the absence of BZDO and catalase. Magnetic Field (mT)

NADH was rapidly consumed in the presence of 1 mhOg FicURe 5: EPR spectra of BZDO throughout the peroxide shunt
but not in its absence (Figure 4). This experiment suggeststurnover cycle. Sample A contains 0 mM,®; samples B-D

that BZDR acts as a peroxide reductase, transferring reducingeontain 50 mM HO,. Samples were reacted for 0 (A), 0.5 (B), 4.0
equivalents from NADH to k.. (C), or 20 min (D). Other reactant concentrations (after mixing)

) were as follows: 0.7 mM ferriBZD& (o3), 15 mM benzoate, 10
EPR Spectrum of FerriBZD®@ The EPR spectrum of  mm KCN, 50 mM MOPS pH 6.9.

resting ferriBZDO* is shown in Figure 5A and is character-
ized by two distinctS = °/, high spin ferric species. The  goal of detecting intermediates in the reaction cycle. Aliguots
EPR spectra of such species are commonly described withof a progressing reaction were transferred from the reaction

the S = °/, spin Hamiltonian: vial to EPR tubes or NMesbauer sample holders and then
frozen at desired time points for analysis.
- 2 2 2
Je= D[S — 35/12+ (E/D)(S” — §)] + 9o8S'B The EPR monitored time course of the peroxide shunt

reaction of ferriBZDOX is shown in Figure 5B-D, and the
For B < |D|, it is customary to describe each of the three low field region is expanded in Figure 5, inset. Many time-
Kramers doublets of the spin sextet by effectiy@alues dependent spectroscopic changes are observed in the reaction.
(26, 27). Because high-spin ferric ions hage ~ 2.0, the The spectrum of the first sample, frozen 30 s after initiating
effectiveg-values depend only on the rhombicity parameter the reaction, shows that the startiap = 0.078 species is
E/D, constrained in a proper coordinate system te &D replaced by a new high-spin ferric speci&¥ = 0.072,
< 1/3. The major speciesE(D = 0.078, ~90% of the termed BZDQ@) with resonances aj = 7.55, 4.3, and 1.8
mononuclear iron;~ 20% of the total iron in the sample)  (Figure 5B). After 4 min, BZD@ has largely disappeared
exhibits resonances from the ground-state Kramers doubletand a new species with/D = 0.133 ¢ = 8.5, 3.0, 1.5),
atg=7.7,4.1, and 1.8 and from the middle doublegat previously assigned as the product complex, begins to appear
5.8. A second ferric specie&/D ~ 0.33) is observed & (Figure 5C). Quantification of all of the species that give a
~ 4.3 and accounts for roughly 10% of the EPR visible spins resonance in thg = 7.4 to 8.4 region shows that only about
(2—3% of the total iron in the sample). This species was 259 of the starting EPR spins from this region are accounted
proposed in our previous study to derive from the enzyme  for in this sample. By contrast, there are only minor changes
substrate complex3f. Quantification of theE/D = 0.078 jn the intensity of theE/D = 0.33 species. Over the next 20
signal (see Materials and Methods) shows that it accountsmin, theE/D = 0.133 species increases such that it accounts
well for the spins expected from the mononuclear site basedfor approximately 80% of the starting EPR spins visible in
on the total iron concentration less the concentration of the the g = 7.4 to 8.4 region in the sample used for this
Rieske center determined from the EPR spectrum of the
cluster after reduction. The resting enzyme does not exhibit

the ~ 1.89 sianal characteristic of a reduced Rieske *In principle, the presence of Fe(ll) in the sample could be assessed
Gav ) by adding NO, which binds strongly to mononuclear Fe(ll) in the Rieske

center, indicating that the cluster is oxidized. dioxygenase enzymes and produces an intése ¥, type EPR

Intermediates of the Peroxide Shunt Cyclhe slow spectrum 8). However, we have shown that exposure of ferriBZDO
reaction of ferriBZDO®* with H,O, and the presence of ferric to NO causes the reduction of the mononuclear iron by an unknown
. : . . mechanism. As a result, the EPR spectrum of the ferric ion in
ion suggested that the reaction time course could be readilyterigzpooxis lost, and it is replaced by spectra from two simBae

monitored by EPR and Mssbauer spectroscopies with the 3, species withg-values near 4 and 2 (data not shown).
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FIGURE 6: 4.2 K Missbauer spectra, recorded in a 50 mT parallel
field, of samples from a peroxide shunt reaction in progress.
Samples were frozen 30 s (sample 1) (A) and 4 min (sample 1)
(B) after addition of peroxide. Solid lines in A and B are a
simulation of the spectrum of the Rieske center. Arrows in B point
at four absorption lines assigned to intermediate BADOshows

an enlarged segment of the spectrum of B. The solid line is a
spectral simulation, drawn to represent 11% of the iron in the
sample, to ars = %/, spin Hamiltonian foD = —1.5 cnT?, E/D =
0.12, Ay/gnfn —21.3 T,0 = 0.50 mm/s,AEq = 0.5 mm/s,

n =0.

experimen®. The minorE/D = 0.33 species continues to be
almost unchanged in this time period.

Mossbauer Spectra of a Mel Reaction Cycle Intermedi-
ate The decline of as much as 75% of the EPR intensity
aroundg = 8 in the 4 min sample indicates that an
intermediate (termed BZDgforms that is either EPR silent
or difficult to detect for other reasons. Mdsbauer spectros-
copy is well suited to identify the oxidation and spin state
of BZDOgp because iron in all oxidation and spin states can
be detected. Figure 6A,B and Figure 7A,B show 4.2 K

I) and 4 min (sample II) after addition of peroxide; these
correlate in freezing time with the EPR spectra of Figure

5B and C (see Materials and Methods). We have also

collected Mesbauer spectra of sample Il (Figure 7C) frozen

after 20 min. The spectra in Figures 6 and 7 were recorded

in parallel applied magnetic field of 50 mT and 8.0 T,

respectively. The dominant feature in the center of the spectra

originates from the Rieske center. The spectra of this
(diamagnetic) cluster, well-known from our previous studies,
can be simulated with good precision so that its contribution
can be subtracted from the spectra to allow the spectra du
to the mononuclear iron to be analyzed.

Inspection of the data and, more convincingly, difference
spectra of samples | and Il show that BZPp@oes not
contribute a quadrupole doublet in zero magnetic field, ruling

out commonly encountered EPR silent species such as thos

with integer or zero electronic spin (e.g., Fe(ll) or Fe(IV) or
a coupled Fe(ll-radical center). Such a doublet would have

5The high field signals a = 2.01, 1.91, and 1.77 observed in this

sample indicate that about 1% of the Rieske cluster is reduced by an

unknown mechanism after 20 min. It is likely that this reduced Rieske

Neibergall et al.
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FiIGURe 7: 8.0 T Mtssbauer spectra of samples | (top), Il (middle),
and lll (bottom) from a peroxide shunt reaction in progress. The
arrows in the top spectrum point to the high-velocity features of
high-spin Fe(lll) sites. The spectral areas under these features are
a good measure of the amount of mononuclear high-spin ferric
ions present. The solid lines are spectral simulations representing
all iron in the sample. The total amount of mononuclear Fe(lll)
is essentially the same (to within better than 1%) in the three
samples.

been detected even at only-2% of the total irorf. This
shows directly that ferriBZD@ contains no high-spin ferrous
ion (<1%), so the peroxide shunt reaction described above
must occur at a ferric mononuclear site. Further, from the
analysis of the entire Mesbauer data set, we estimate that
ca. 20% of the total iron is high-spin ferric (see below), in
accord with analytical iron analysis for the sample, suggest-
ing that all of the non-Rieske cluster iron is accounted for
in the sample.

The EPR and Mssbauer spectra of sample Il show that it
contains at least four high-spin ferric species. As the magnetic
hyperfine interactions of high-spin ferric ion8pS:1, are
essentially isotropic, the shape of the 8sbauer spectra of

eeach Kramers doublet is quite predictabldiD is known

(27). In the present context, two particular cases are
noteworthy. TheMs = +°, doublet of a species wit&/D
< 0.15 generally yields a spectrum with six sharp absorption
lines. In contrast, théls = +'/, doublet forE/D ~ 0.08
(effectiveg-values of 7.7, 4.1, 1.8) yields broad Skbauer
spectra with attendant reduction in amplitude owing to the
fact that there is substantial magnetic anisotropy inxthg
plane (The high-spin form of cytochrome P450 monooxy-
genase exhibits a spectrum of this natuzg)).
For zero-field splitting parametéd| < 2 cm!, the 8.0 T
Ossbauer spectra yield outer features at velocities which
are essentially determined [, a quantity that should be
rather constant for the present species. Even ifGh&/D,
and the quadrupole splittings are not well-known and
multiple species are present, one can match simulations to

éhe outer features of the spectrum and determine the relative

amount of high-spin Fe(lll) in the sample to withir-2%.

From simulations such as shown in Figure 7, we found that
samples I, I, and Il contained 21%, 20%, and 21% high-
spin Fe(lll) from the non-Rieske sites, respectively. The

6 A sample in which only the mononuclear center was enriched in

cluster is paired with an active site devoid of mononuclear iron because °’Fe would simplify the fitting in this case. However, the procedure

the electron would be transferred to the mononuclear center if it were
present and no Fe(ll) is observed by $4bauer spectroscopy (see
Figure 6B).

for exchange of the mononuclear iron results in an Fe(ll) center rather
than the Fe(lll) center of the ferriBZD® enzyme used here (see
Materials and Methods).
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constancy of ferric ion in the three samples implies that the
iron of intermediate BZD®in sample Il must be high-spin
ferric.

Inspection of the 50 mT Masbauer spectra of Figure 6B
reveals a new, well-defined 6-line spectrum that appears and
disappears on the same time scale as BZR@&d is thus
assigned to this intermediate. As indicated above, a 6-line
spectrum will result from thé\ls = 45/, doublet of a high-
spin ferric species. The 75% decrease in EPR intensity in
the ger = 7.4 to 8.5 region suggests that BZpGhould
account for approximately 15% of the total iron in the
sample’ The expanded Mgsbauer spectrum is shown in
Figure 6C. The simulation shown for BZR@solid line) is
drawn to represent 11% of the total iron and thus matches
the predicted BZD@quite well. The simulation useD =
—1.5 cn?, E/D = 0.12 (the exact value is not critical as
long asE/D < 0.15),Adgy8, = —21.3 T, isomer shif =
0.50 mm/s,AEq = 0.5 mm/s,n = 0 (the value ofD is
somewhat arbitrary). We considered several rangeésfof
BZDOp, finding 6 = 0.50 £ 0.02 mm/s to be the most
satisfactory. The broad absorption features in thesdbauer
spectrum of Figure 6B,C arise from the three species
observed in the EPR spectrum wED= 0.072, 0.133, and
~0.33 which contribute-50% of the M@sbauer absorption
of the non-Rieske ferric species.

Initially, we were puzzled by our inability to observe an
EPR signal assignable to BZR@®ince the resonances from
anMs= 4/, state ofE/D ~0.1 should be readily observable.
On the basis of the Mgsbauer information, we can now shed
some light on this problem. Figure 8 shows a 13 K EPR
spectrum of an aliquot of Mesbauer sample Il together with
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Ficure 8: (A) X-band EPR spectrum of sample Il recordedrlat
= 13 K under nonsaturating conditions. Conditions: microwave
power, 0.2 mW; modulation amplitude, 1.0 mT at 100 kHz. (B)
Spectral simulation of th&/D = 0.133 species, usind = 2.5
cmtandogp = 0.012. (C) Simulation of th&/D = 0.072 species

at the same concentration, usibg= 1.7 cntt andogp = 0.014.

(D) Simulation of the putative spectrum of BZ[@t twice the
concentration of B usin® = —1.5 cnT?, E/D = 0.12, andbgp =
0.03. For this speciesigp is probably larger than 0.05, a value
that would broaden the lines sulfficiently to make the species nearly
undetectable even at a concentration of ca=BOuM. The spin
concentration of the combinef/D = 0.133 and 0.072 species
accounts for ca. 6@M.

400

500

a series of spectral simulations of the various species presentthatD < 0 for intermediate BZD@ placing theMs = £,

In general, the line shapes of high-spin ferric species are
dominated by distributions of the rhombicity parameiéb,

doublet in the highest energy state. Accordingly, the EPR
signal from theMs = 45, doublet ground state for a&/D

and often, adequate simulations can be obtained by assuming~0.1 system would appeargt= 9.98, 0.06, 0.07 and would

that E/D is distributed, with variancegp, around a mean
value. Accordingly, we have simulated the spectra of the
species present in samples |, I, and Il by adjustE®
andogp. TheE/D = 0.072 O > 0) species (major features
at ges = 7.55 and 5.8) an®&/D = 0.133 O > 0) species
(major peaks ages = 8.5 and 5.5) are each simulated
separately in Figure 8. Based on these simulationsktbe
= 0.072 ande/D = 0.133 species in sample Il have a total
spin concentration of 6@M. For theE/D = 0.33 species,
we estimate a spin concentration of 201.8

Where, then, is the signal of BzZDQ¥ which should
represent about 150M iron according to total iron quan-
titation from the M@sbauer spectrum described above? The
key to this puzzle is the recognition that the temperature
dependence of the Mgbauer data show that the 6-line
spectrum from theMs = 45, doublet of BZDQ derives

be undetectable due to its low transition probabilitygat
9.98. For example, foE/D = 0.1, theg, = 9.9 feature of
the Ms = £, doublet ¢, = 0.1,g, = 0.1,g, = 9.9) is ca.
800-fold less intense than tlgg = 8.0 resonance of thils
= +Y/, doublet ¢« = 3.7,9, = 8.0,g, = 1.7) 25).

Despite the lack of an EPR signal from the ground state,
BZDOer should give observable signals from the exciliégl
= +%, and &Y/, states. The failure to detect these signals
easily can be understood by considering their predicted
g-values. The sharp 6-line Msbauer spectrum shows that
0 < E/D < 0.15. ForE/D < 0.05 we would expect to observe
the strong EPR signal of thds = &5, doublet in the trough
between they = 5.5 and 8 features, but this is not the case.
This places the possibED value for BZDQ between 0.05
and 0.15, i.e., into a spectral region where the EPR signal
of BZDOp would have strong overlap with tHgD = 0.072

from the ground state rather than an excited state. This means&nd 0.133 species. Since these species Bave0, theg =

’"The exact amount of species BZP@epends somewhat dp,
because smalldd-values increase the population of the (unresolved)
Ms = £%/, and+%/, doublets, and thus yield a slightly higher fraction
of BZDOk.

8The line shapes off = 4.3 signals are notoriously difficult to
simulate. In order to estimate the amoungef 4.3 iron in our samples,
we have simulated the spectra of all species contributing iy the8
region and subtracted these from the experimental data. This procedur
should leave us with thg = 4.3 species. Double integration of this
signal suggested that the type of iron contributed less than 25% of the
total ferric iron in the enzyme.

7.6 and 8.5 features are ground-state signals and signal
has to decline between 2 and 10 K due to population of
excited states. Nevertheless, we observed that signgl
nearly the same at both temperatures for sample Il (excited
states are being populated as witnessed by the observation
that resonances in thg = 5.5-6 region appear upon
increasing the temperature). Thus, we conclude that the

%xcited-state signals of BZD@om theMs = +%, and+3,

doublets are underneath those of the other species, and thus
it has anE/D of about 0.1 as illustrated in Figure 8; this is
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in accord with the Mesbauer simulation shown in Figure is similar to that for normal turnove®8). It is possible that
6C. Because the EPR signal from this species@t= 8 is this indicates that the chemistry of the ferriBZBPX@ altered
from anMs = £/, excited state, it has little intensity at 2 K from the normal turnover cycle. However, the fact thist

and grows in as the temperature increases, thereby bufferingdihydroxylation to form the regio- and enantiomerically
the signal intensity in this region. Finally, we note that the correct product occurs in the shunt makes this very unlikely.
simulation of the EPR spectrum of a model complex for a We believe that the low rate constant is due to a manifestation
high-spin—peroxy complex with a negative zero field split- of the regulatory system for the Rieske dioxygenases as
ting andE/D = 0.11 required argp ~ 0.05 Q9). Thus, the described below.

excited-state signal from BZDOnay be much broader and Most peroxide shunt reactions of oxygenase enzymes
more difficult to detect than is indicated by the simulation bridge nonadjacent intermediates of the normal catalytic
shown in Figure 8. cycle (see for example re84). Based on our current

understanding of the Rieske dioxygenase cycle, this is not
DISCUSSION the case for the peroxide shunt described here. Scheme 1
Rieske cis-dihydrodiol forming dioxygenases occupy a pathway 1 or 2 indicates that the normal reaction cycle ends
unigue niche in the oxygenase family because they exhibit with both metal centers oxidized and product bound. Indeed,
characteristics of both monooxygenase and dioxygenasewe have shown that this is the end point for single turnover
chemical mechanisms. Like many monooxygenases, theyreactions beginning from the fully reduced forms of both
require two electrons from NADH supplied by an electron- NDO and BZDO 8, 18). In our proposal for the mechanism
transfer chain for @activation in normal catalysis, and they developed from these single turnover studies, the next cycle
carry out peroxide shunt reactions beginning from the initiates when the mononuclear center is reduced, allowing
oxidized state. On the other hand, they utilize a 2-His-1- the product to dissociate and the next substrate to bind. This
carboxylate facial triad mononuclear Fe(ll) center typically strong coupling between substrate exchange and reduction

found in aromatic ring-cleaving arntketo glutarate dKG)- of the enzyme ensures that substrate is always present when
linked dioxygenases. The latter enzyme class initially O binds to the mononuclear iron and is activated. This cycle
catalyzes cleavage of tha<G cofactor to yield an Fe(I\5 does not contain a state equivalent to ferriBZRQvhich,

O intermediate, which is the most potent oxidizing species based on its EPR spectrum shown in Figure 5A, does not
observed thus far for the mononuclear non-heme iron classhave substrate or product bound. Thus, the ferriBZDO
(30). Importantly, none of the non-heme mononuclear iron peroxide shunt starts from a state that is not in the normal
containing dioxygenases have been shown to stabilize anreaction cycle. At the completion of the shunt reaction, the
intermediate equivalent to the formal Fef#) species of  enzyme is found in the state equivalent to that at the end of
the heme 31, 32) and dinuclear iron cluster-containing the single turnover cycle, and thus the peroxide shunt rejoins
monooxygenase classed3). These observations justify the the normal cycle at this point.
proposal from other researchers for the mechanism of the The consequence of initiating the shunt at a nonphysi-
Rieskecis-dihydrodiol dioxygenases (see Scheme 1, pathway ological state appears to be a significant decrease in the rate
3) that invokes reduction by a third electron following of catalysis, perhaps due to the fact that the binding of
formation of an Fe(lll)-peroxo adductZ0). This would yield substrates must occur with states of the enzyme that are not
a species formally at the oxidation level of Fe#«p that structurally optimized for the reactions. The oxidation state
might subsequently attack aromatic hydrocarbons. In the of the mononuclear iron is the most readily assessed
current study, we show that these proposals are unlikely todetermining factor in the rate of substrate or product
be correct in the case of BZDO based on the demonstrationexchange. Indeed, the apparent single turnover nature of the
that the ferriBZDO* peroxide shunt allows formation of the  peroxide shunt reaction described here is attributed to very
cis-dihydrodiol product in greater than 50% vyield from an slow release of product from the active site with an oxidized
enzyme devoid of additional reducing equivalents. Thus, if mononuclear iron. The Mgsbauer spectra of samples from
the Rieske dioxygenases utilize a consistent mechanism, thehe reaction time course indicate that the mononuclear iron
dioxygenase reaction for the Rieske class is likely to occur is always in the Fe(lll) state. This is consistent with slow
at the same oxidation level as the most potent monooxy- substrate binding and the slow substrate release indicated
genase reactive species. The time course and kinetic charby the stable EPR spectrum of the product complex at the
acteristics of the ferriBZD@ peroxide shunt reaction also  end of the reaction. Two observations reported here support
lend new insight into the intermediates of the reaction cycle the conclusion that the active site is difficult to access by
of this enzyme class and the manner in which the enzyme substrate when the mononuclear iron is oxidized. First, very
regulates catalysis. Importantly, we report here that a transienthigh concentrations of benzoate andCH are required for
intermediate from the peroxide shunt reaction sequence thathe reaction to occur at a reasonable rate. Second, very little
disappears as the product complex is formed is high-spin of theg = 4.3 resonance attributed to the substrate complex
ferric and has unusual spectroscopic characteristics reminis-of ferriBZDO* is observed despite the presence of high
cent of side-on bound peroxo adducts of Fe(lll) model benzoate concentrations relative to Kygvalue for benzoate
complexes. These aspects of Rieske dioxygenase catalysign the normal cycle. A better appreciation for the ramifica-
are discussed here. tions of the ferric rather than ferrous ion in the active site
Basis for the Low Rate of FerriBZD®Peroxide Shunt can be gained by analysis of the reaction time course
The rate constant for the peroxide shunt described here formonitored by EPR, and alternatively, by product formation
ferriBZDO% is at least 3 orders of magnitude less than the as described in the following sections.
normal turnover rate constant. This is in sharp contrast to Analysis of the Reaction Time Course Monitored by EPR
the value found for the peroxide shunt of ferroN®Qvhich and Massbauer SpectroscopieBhe observed changes that
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occur in the EPR spectrum of resting ferriBZBXQupon on. We then computed the isomer shift for fifteen optimized
exposure to KO, (shown in Figure 5) indicate that B, structures. The structures explored and the calculated shifts,
and benzoate interact with the mononuclear ferric center in together with computational details, are given in Supporting
a series of discrete steps. In the initial step of the shunt Information. The results of these studies are as follows. The
reaction, a high-spin ferric intermediate BZRQE/D = 0 values obtained for structures with a peroxo ligand (Figure
0.072) forms that is spectrally similar to the resting fer- S3) are larger than 0.64 mm/s. These values are compatible
riBZDO% and specifically unlike the ferriBZD®—benzoate  with the experimentally determined values for the Feftll)
complex. This suggests that®, rather than benzoate binds peroxo model complexes, but they are incompatible with the
in the active site during this initial time period. There are experimental data for BZDQ In contrast, the calculatedl
several possibilities for the nature of BZIgQsiven the small ~ values were found to be 0.46 mm/s for some side-on (Figure
spectral perturbation, it seems most likely thaOklbinds S2,11I') and end-on (Figure S¥/|) hydroperoxo complexes,
near the iron, perturbing its environment. It has been shownwhich matches the experimental value dof= 0.50(2) for

by X-ray crystallography that NO binds in this way (i.e., in BZDOp within the uncertainties. Replacing a hydroperoxo
the enzyme active site but not to the iron) in the case of ligand with a water and hydroxo groups yields some cases
fully reduced NDO in the absence of substratéh)( with isomer shifts that are compatible with the data as well
Alternatively, HO, may (i) form an end-on complex with  (see for example Figure S1) ), so the nature of BZD@

the iron as a precursor to a side-on peroxo complex (similar cannot be definitively assigned from thevalue. However,

to that structurally characterized for NDQ7)) or (ii) form complexes with aquo and hydroxo ligands are not known to
a side-on complex directly. The Mebauer spectrum of this  exhibit negative zero field splitting (one example being
intermediate shows it to be a high-spin ferric species with ferriBZDO  itself, Figure 5A). Moreover, computational

D > 0. The isomer shift is 0.50 mm/s, which is typical for studies by Siegbahn and co-workers probing the mechanism
N and O type ligands from the protein or solvent. These of Rieske dioxygenases showed that protonation of the Fe-
parameters are similar to those of the resting enzyme and(lll) —peroxy intermediate that forms as Qinds is required
unlike those of models for Fe(Il)peroxo complexes2g, to achieve a reactive specie38]. Thus, both the catalytic
36). This suggests that the model for BZB@® which HO, and spectroscopic properties of BZb@re consistent with
binds near but not to the iron is more likely to be correct. it being the Fe(lll}-hydroperoxo intermediate of the Rieske

As BZDO disappears, it is replaced by BZR@hich is dioxygenase reaction cycle.
essentially EPR silent at 2 K, most likely because its ground  In the final phase of the reaction, product is formed as
state has vanishing low transition probability and its zero BZDOp decays and the characteristic EPR spectrum of the
field splitting parametersP and E/D, are significantly ferriBZDO%—product complex is observed. The'S&bauer
distributed 6gp is perhaps>0.05) rendering the excited- spectrum of BZD@is also lost and replaced by a high-spin
state signalsli < 0) too broad for detection in the presence ferric species withD > 0. This is consistent with the
of the overlappind=/D = 0.133 and 0.072 species. The zero- replacement of a Fe(Ifyhydroperoxo ligand with the
field splittings reflect the effect of spinorbit coupling oxygens of thecis-dihydrodiol product as observed in the
between the ground state and a variety of excited states, an-ray crystal structure for the ND©product complex7).
thus distributions irD andE/D reflect energy distributions  Accordingly, the time frame for this reaction is similar to
of excited states caused by a heterogeneous ligand environthat observed by directly analyzing product formation in the
ment. Although biological systems with a negatiDeare active site. It is reasonable to assume that once the substrate
less commonly encountered than those with posite and peroxide are bound in the proper orientation at the
several examples are known. Indeed, one of the first to bemononuclear iron center, the reaction will proceed rapidly.
recognized in a biological system was found in a ring- However, it is unclear from the EPR data whether the
cleaving dioxygenase, the product complex of protocat- observed reaction is slow because substrate is slow to bind
echuate 3,4-dioxygenas&?]. Interestingly, another case in  to the putative ferriBZD®—H,O, complex or whether a
which negative zero field splitting has been reported is in slow reorganization of the substrate in the active site after
inorganic mononuclear Fe(lll) chelate complexes that have binding is required before the reaction can occur. Some
a bound side-on peroxo moiety reminiscent of the peroxo insight into this problem derives from the analysis of the
complex of NDO R9, 36). One of the model complexes had product formation time course.

D= —-1cm!andE/D = 0.11 at 4.2 K, and it yielded a Analysis of the Reaction Time Course Monitored by
Maossbauer spectrum quite similar in appearance to that of Product Formation The model for the reaction implied from
intermediate BZD®. However, the isomer shift was found the EPR time course discussed above includes two interme-
to be 0.61 mm/s, which is significantly larger than that found diate complexes with peroxide binding first and benzoate
here for BZD@ and more consistent with the values found binding in one or both of the two final steps.

for other Fe(lll)-peroxo complexes.

In order to assess the meaning of the observed isomer shift
of BZDOp, we carried out a series of density functional
theory (DFT) calculations. Drawing on the crystallographi-
cally established ligand structure of the mononuclear iron  Under the present conditions that (i) peroxide and benzoate
site in a peroxy intermediate of the related NDLY)(and are in large excess over the enzyme, (ii) the product forming
the identical sequence alignment of iron ligands BZDO and step is much slower than the preceding steps, and (iii) the
NDO, we constructed sites having one carboxylate (mono- tight product binding forces a single turnover reaction, the
or bidentate) and two histidyl ligands complemented by a product formation reaction would be expected to follow an
peroxo or hydroperoxo ligand, bound end-on as well as side-exponential time course. The solid lines in Figures 1 and 3

H,0, Benzoate
Ky k¥ 7 7Nk
ferriBZDO \k——‘ BZDOOk‘ﬁBZDOP—PferriBZDO"lProduct
-1 -2
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are single-exponential fits to the data and show that the timeScheme 2: Current Mechanistic Proposal for the Chemical
course is reasonably well described by this function. In and Regulatory Mechanisms of Benzoate 1,2-Dioxygehase
principle, the observed rate constant for the reaction can be

obtained from the reciprocal relaxation of the exponential.
However, given the length of time required for the reaction,
it is possible that other factors such as loss of peroxide due

to background catalase activity or degradation of the enzyme

due to temperature orJ, exposure may compromise the
values obtained. Another approach is to use the initial
velocity of product formation to estimate the apparent first-
order rate constant. In the current case, good initial velocity
values can be obtained due to the slow reaction.

If the substrate binds exclusively in the final step, then,

v; = K[BZDOg]
where
K = kg[benzoateH- k_,
whereas, if benzoate binds only in the penultimate step,

k;[benzoate]
Kp,+ [benzoate]

| =
In each casek 3 is assumed to be zero since the-O
bond cleavage reaction is irreversible. The plovofersus
benzoate concentration shown in the Figure 2 is ap-
proximately hyperbolic, suggesting that substrate binds to
BZDOo. However, theKp for this reaction Kpz ~ 1 mM)
shows that the initial complex is weak, and thus, further
reorganization of the substrate is likely to occur before

catalysis. These changes may be slow, accounting for the,

slow breakdown of BZD@ Alternatively, the present results
do not rule out substrate-independent conversion of BEDO
to BZDOr so long as substrate can bind either before or after
the conversiof.

Structural Basis for Weak 4D, Binding. The requirement
for high concentrations of 0, in the ferriBZDO peroxide
shunt may also be a consequence of initiating the shunt from
a nonphysiological state, and thus, be related to regulation.
We have observed that the binding of NO ang tO the
mononuclear iron center is regulated by both substrate
binding and the redox state of the Rieske clusg1g). If
the cluster is oxidized, £does not bind to the mononuclear
iron, and when it is reduced, substrate must be bound befor
either Q or NO will bind to the iron. Using pulsed ENDOR
spectroscopy and deuterium-labeled substrates, we showe

that the position of the substrate relative to the mononucleard

iron in NDO is sensitive to the redox state of the Rieske
cluster (5, 16). Recently, the structural basis for these redox-
linked conformational changes has been described in work
with the Rieske monooxygenase 2-oxoquinoline 8-monooxy-
genase 13). These studies show that the optimal condition

9 A sample of ferriBZDO* nearly devoid of benzoate was prepared
by gel filtration using benzoate free buffer. This results in loss 90%
of the mononuclear Fe(lll). The remaining active site iron reacts with
H,O, to cause loss of thg = 7.7 EPR signal and no subsequent
formation of theg = 8.5 signal from the product complex is observed,
as expected. The reaction with® differs from that described in this
study in that no EPR signal from BZDQs observed, suggesting a
different mechanism for reaction with,8.. Further studies will be
required to characterize this mechanism.

Product

ZDO

o
{BZDR)

fdw) HOL
Ry e fE

Product

Ferro
DOm

_RF esFe  COO"
0

Ccoo
2+

Fe s e
FeiFe

/ i
_9 . (BZDR)

(fast) f

e

?1

FetFe" ‘-..__. |:
(slow) EVFe

[Bz0og|

Limited access to active site

Active site accessible

2 The peroxide shunt of ferriBZD®is represented in the inner cycle.
FerriBZDO™ may be generated during purification by slow release of
product from the product complex after the supply of reducing
equivalents is exhausted.

for small molecule binding is when the organic substrate is
bound and both metal centers are reduced, i.e., ready for
oxygen insertion chemistry to initiate. Consequently, it is
likely that the structural factors that regulate small molecule
binding in the normal cycle will bias the active site of
ferriBZDO* against HO, binding, thereby accounting for
the high concentration of 1, required for the shunt.
Comparison of the Peroxide Shunts of FerriBZD@nd
FerroBZDO*. The reduced mononuclear iron of fer-
roBZDOP* suggests that rapid exchange of substrate with
solution is possible, and thus this enzyme might begin the
peroxide shunt with the organic substrate bound. This, in
turn, might lead to a faster reaction than observed for
ferriBZDO®*. However, it is demonstrated here that these
reactions occur at about the same rate and have the same
requirement for high benzoate ang®4 concentrations. One
way to reconcile the results follows from the assumption that
the cis-dihydroxylation always involves a Fe(Ilhhydrop-
eroxo intermediate as crystallographically characterized in
DO (17). Thus, substrate-bound ferroBZPQmust first
react with HO, in a rapid abortive oxidation cycle that results
in an Fe(lll) mononuclear site. A similar Fe(ll) oxidation
precycle occurs in iron-chelate model complexes that carry
out cis-dihydroxylation reactions using J, (39). Subse-
guent dissociation of the peroxide reduction products and

eblndlng of HO, would form the normal reactive intermediate

nd initiate the shunt reaction, forming BZR{ each case.
ince the rate-limiting step follows BZDOormation, little
ifference in the overall rates of these two peroxide shunt
reactions would be observed.

Mechanistic and Regulatory Implicatiorfarom this work,
a mechanism for the peroxide shunt reaction and its con-
nections to the normal cycle can be proposed (Scheme 2).
The normal cycle begins, following reduction and product
release from the previous cycle, with at least the mononuclear
iron in the reduced state. This state can readily bind the
organic substrate near the iron. The results of MCD and CD
studies of NDO and PDO show that substrate binding causes
the mononuclear iron to shift from 6 to 5 coordinate so that
it is ready to accept £(40, 41). However, this cannot occur
until the Rieske cluster is reduced. Pulsed ENDOR and
structural studies of related enzymes suggest that the oxida-
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tion of the Rieske cluster shifts the relative positions of the

iron and substrate to promote this reactidg, (15, 16). As

O, binds, an electron from the iron and one from the Rieske
cluster are transferred to generate the reactive peroxo o.
intermediate. The resulting reoxidation of the Rieske cluster
would reverse the conformational change bringing the
substrate and activated oxygen species together to promote 1g.

the cis-dihydroxylation reaction. Finally, reduction of the
mononuclear iron would free the product.

The functional ferriBZDO* peroxide shunt is consistent
with this mechanism in that it suggests that the Feflll)
hydroperoxo state is capable @é-dihydroxylation without

further one electron reduction. The very slow rate of the
reaction supports the overarching regulatory aspects of the =
proposed cycle in that individual enzyme states seem to be
designed to tightly control passage of molecules in and out
of the active site and coordinate this flux with electron
transfer. As shown in the inner cycle of Scheme 2, in a
system where no electron transfer is possible, the incorrect
state of the enzyme is forced to bind substrates. Thus, the
reaction becomes very slow due to slow substrate binding
in the correct position for catalysis, and it is limited to a
single turnover. Normal catalysis occurs once the correct
intermediate is formed, but the rate of the observed reaction
is dominated by the rates of the binding reactions or structural =
rearrangements that are foreign to the regulatory mechanism

of the Rieske dioxygenase.
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