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Abstract
Near-IR MCD and variable temperature, variable field (VTVH) MCD have been applied to
Naphthalene 1,2-dioxygenase (NDO) to describe the coordination geometry and electronic structure
of the mononuclear non-heme ferrous catalytic site in the resting and substrate-bound forms with the
Rieske 2Fe2S cluster oxidized and reduced. The structural results are correlated with the
crystallographic studies of NDO and other related Rieske non-heme iron oxygenases to develop
molecular level insights into the structure/function correlation for this class of enzymes. The MCD
data for resting NDO with the Rieske center oxidized indicate the presence of a six-coordinate high-
spin ferrous site with a weak axial ligand which becomes more tightly coordinated when the Rieske
center is reduced. Binding of naphthalene to resting NDO (Rieske oxidized and reduced) converts
the six-coordinate sites into five-coordinate (5c) sites with elimination of a water ligand. In the Rieske
oxidized form the 5c sites are square pyramidal, but transform to a 1:2 mixture of trigonal bipyramial/
square pyramidal sites when the Rieske center is reduced. Thus the geometric and electronic structure
of the catalytic site in the presence of substrate can be significantly affected by the redox state of the
Rieske center. The catalytic ferrous site is primed for the O2 reaction when substrate is bound in the
active site in the presence of the reduced Rieske site. These structural changes insure that two
electrons and the substrate are present before the binding and activation of O2, which avoids the
uncontrolled formation and release of reactive oxygen species.

Introduction
Non-heme iron containing oxygenases mediate a wide range of chemical transformations
where the coordination geometry and the electronic structure of the iron site are thought to be
optimized for catalytic function.1,2 Much less had been known about the active site in the non-
heme iron containing oxygenases relative to the heme systems as the non-heme iron centers
are less spectroscopically accessible, particularly at the ferrous oxidation level. Our group has
developed a methodology for the analysis of non-heme ferrous active sites emphasizing
magnetic circular dichroism (MCD) spectroscopy to observe the ligand-field (LF) excited-
states and variable temperature variable field (VTVH) MCD spectroscopy to obtain the ground-
state sublevel splittings for these non-Kramers ions that rarely exhibit electron paramagnetic
resonance (EPR) signals.3 This MCD methodology has been applied to study α-ketoglutarate-
dependent dioxygenases,4-9 extradiol dioxygenases,10,11 and pterin-dependent hydroxylases,
12-14 providing insight into the coordination geometry and electronic structure of the catalytic
ferrous site. However, our knowledge of Rieske dioxygenases has been relatively limited due
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to the difficulty in obtaining spectroscopic information on the mononuclear ferrous catalytic
site in the presence of the Rieske 2Fe2S cluster in this class of enzymes.

Rieske dioxygenases catalyze the stereo- and regio-specific dioxygenation of aromatic
compounds to cis-dihydrodiols, as a first step in the metabolism of aromatic compounds in
bacteria.15 They biodegrade toxic aromatic compounds, thus attracting interest in the
development of bioremediation technology15 and are useful for synthetic applications.16

Recent x-ray crystallographic studies of the oxygenase component of Rieske non-heme iron
oxygenases (ROs)17 have shown common structural features of a mononuclear non-heme iron
site and a Rieske 2Fe2S cluster.18-32 The mononuclear iron site activates O2 for reaction with
substrate, while the Rieske center transfers an electron to the mononuclear iron site during the
catalytic cycle. The crystal structures of ROs show that each α-subunit contains a Rieske 2Fe2S
cluster and a mononuclear non-heme iron center separated by ~44 Å. But the functional pair
appears to involve the Rieske cluster and mononuclear non-heme iron in neighboring subunits
separated by ~12 Å (Figure 1). The mononuclear non-heme iron site is coordinated by two
histidine residues and one carboxylate residue, termed a 2-His-1-Carboxylate facial triad,
which is a versatile platform of non-heme iron containing oxygenases.33 In most RO crystal
structures, the carboxylate residue is bidentately coordinated to the iron,19-25,28,29 although a
monodentate structure is also reported in a few cases.26,27,30-32 Additional water molecules
are found to be coordinated to the iron, forming a five- or six-coordinate catalytic ferrous site,
depending on the number water molecules. The Rieske diiron centers are bridged by two
sulfides, one iron center is terminally coordinated by two histidine residues and the other iron
by two cysteine residues forming four-coordinate iron sites. The catalytic site and electron
transfer site can be bridged by a conserved aspartic acid residue present at the subunit interface,
which may be important for electron transfer34 or regulation35,36 during the catalytic cycle.
Several spectroscopic studies have been performed on this class of enzymes, including
resonance Raman,37,38 electron nuclear double resonance (ENDOR),39-43 EPR,35,36,44-49

nuclear magnetic resonance (NMR),50 extended x-ray absorption fine structure (EXAFS),51,
52 and x-ray absorption near edge spectroscopy (XANES),51,52 but most of those studies have
focused on the nature of the Rieske center or indirectly probed the catalytic ferrous site using
metal substituted or nitric-oxide (NO) bound enzymes. The mononuclear ferrous site is far less
studied because it is more difficult to access spectroscopically.

One of the most thoroughly studied Rieske dioxygenases, naphthalene 1,2-dioxygenase
(NDO), catalyzes the conversion of naphthalene to cis-(1R,2S)-dihydroxy-1,2-
dihydrohaphthalene in the assimilation of carbon from naphthalene (Scheme 1).53,54

Spectroscopic and kinetic studies established that NDO can catalyze the cis-dihydroxylation
of naphthalene in a single-turnover reaction if both the Rieske and mononuclear non-heme iron
centers are reduced.45 It was further shown that the binding of the O2 surrogate nitric oxide
(NO) to the ferrous catalytic site is regulated by both binding of substrate and the reduction of
the Rieske 2Fe2S cluster, suggesting that structural reorganization occurs at the vicinity of the
ferrous site during these steps.45 There is, in fact, evidence from crystallography for an
allosteric effect of the redox state of the Rieske site in 2-oxoquinoline 8-monooxygenase
(OMO).25 It was found that reduction of the Rieske 2Fe2S cluster modulates the resting ferrous
catalytic site through a chain of conformational changes across the subunit interface, resulting
in the displacement of the non-heme iron and its histidine ligand away from a substrate-binding
site. The resting ferrous catalytic site changes its coordination number from five-to six-
coordinate, which would be relevant to the inhibition of NO binding to resting ferrous sites
with the Rieske center reduced as found for NDO45 and other RDOs.36,47,48 However, the
crystal structure of the catalytic ferrous site in NDO with a reduced Rieske center is modeled
as five-coordinate,21 inconsistent with the results found for OMO.
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Binding of a substrate to the active site of RDOs is a key step in regulation of the reactivity
toward O2. Using near infrared (NIR) MCD spectroscopy, we and others have previously
studied the Rieske dioxygenase, phthalate dioxygenase (PDO),55,56 and found that the resting
PDO enzyme with the Rieske center oxidized showed features indicative of a six-coordinate
ferrous site; substrate binding converted the site to two different five-coordinate species. This
six- to five-coordinate conversion upon substrate binding to the resting enzyme is in line with
a general mechanistic strategy observed for other non-heme iron containing oxygenases where
substrate binding leads to a coordinatively unsaturated ferrous site for the O2 reaction.1,2,57

However, the crystal structures of the catalytic ferrous sites in the resting and substrate-bound
forms of NDO (with the Rieske center reduced) did not show a significant change in
coordination environment maintaining five-coordinate structures.21 In addition, the five-
coordinate ferrous catalytic site in OMO with the Rieske center oxidized also does not show
a change in coordination number when a substrate is bound to the active site.25 Thus
spectroscopy and currently available crystal structure data have provided different descriptions
of the structural mechanism for the catalytic ferrous site in ROs.

Thus it is important to study a Rieske dioxygenase such as NDO with NIR MCD and VTVH
MCD where crystallographic information is available for correlation with spectroscopy to
determine whether the coordination geometry and electronic structure of the catalytic ferrous
site are synergistically modulated with binding of substrate and reduction of the Rieske center.
It should be noted that temperature-dependent MCD intensity requires a paramagnetic ground-
state. Since the oxidized Rieske center has two ferric S = 5/2 Fe(III) ions antiferromagnetically
coupled to generate an S = 0 ground-state, it will not contribute to the temperature-dependent
MCD signal. The reduced Rieske site has an S = 5/2 Fe(III) ion antiferromagnetically coupled
to an S = 2 Fe(II) ion to generate an S = 1/2 ground-state. While this is paramagnetic and will
contribute to the temperature dependent MCD, our previous studies have shown that in the
ferrous d-d transition energy region, the contributions of the reduced Rieske center are
comparable in magnitude to that of the ferrous catalytic site.55 This signal can be subtracted
out, using an apoenzyme which lacks the catalytic ferrous center but contains the Rieske site.

Herein we present NIR MCD and VTVH MCD analyses of the NDO enzyme addressing the
coordination geometry and the electronic structure of the catalytic ferrous site in the resting
and substrate-bound forms with both oxidized and reduced Rieske sites. These studies allow
correlation with the crystal structures of NDO and other ROs, and provide molecular level
mechanistic insights for this class of enzymes.

Experimental Section
Chemicals

All commercial reagents were used without further purification: MES (Sigma), naphthalene
(99+ %; ACROS), EDTA (99+ %; Aldrich), 2,2’-dipyridyl (99 > %; Fluka), D2O (99.9 % atom
% D; Cambridge Isotope Laboratories), glycerol-d3 (98 % atom % D; Cambridge Isotope
Laboratories), NaOD (Sigma), sodium dithionite (Sigma).

Protein and Sample Preparation
All experiments were performed using NDO purified from Pseudomonas sp. NCIB 9816-4, as
described previously.45 Mononuclear iron remaining in the isolated and purified NDO was
removed by dialysis using a 100 mM MES buffer (pH 6.8) containing 10 mM EDTA and 5
mM 2,2’-dipyridyl for 15-20 h, followed by dialysis using a 100 mM MES buffer (pH 6.8) for
15-20 h in a cold room. The apo NDO enzyme with the Rieske center oxidized (apoNDOox)
was further run through a Chelex-100 (Sigma) column in 100 mM MES (pH 6.8) to remove
any remaining iron. The apoNDO samples were then exchanged into a deutrated 100mM MES
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buffer (pD 6.4), and diluted 50 % (v/v) by anaerobic addition of glycerol-d3. The concentrations
of apoNDOox samples were determined via their absorbance at 280 nm, using ε = 129 mM
(αβ)−1cm−1, as reported previously. The holo NDO enzyme, FeNDOox, was made by the
addition of 0.9 equivalent of a degassed stock solution of Fe(NH4)2(SO4)2•6H2O in D2O to
the apoNDOox-glycerol-d3 solution. For preparation of naphthalene-bound NDO samples,
both apoNDOox and FeNDOox samples were exchanged into a naphthalene-saturated buffer
(50 % (v/v) degassed glycerol/100 mM MES buffer at pD 6.4) by centrifugation in microcon
concentrators (Microcon (Millipore)) in a refrigerated microfuge in a grove box. The
concentration of naphthalene in the MES buffer/glycerol (50:50) was determined as ~400 μM
(using ε = 6000 M-1cm-1 at 275 nm58).59 Reduced Rieske samples (apoNDOred and
FeNDOred) were prepared by the anaerobic addition of excess sodium dithionite to the
oxidized Riske samples of apoNDOox and FeNDOox.

NIR MCD Spectroscopy
NDO samples for NIR MCD spectroscopy were in the form of a glass with 50 % (v/v) degassed
glycerol- d3/100 mM MES buffer at pD 6.4, and were typically 0.6 to 0.9 mM in active sites.
Samples were injected anaerobically into a MCD cell made by compressing a 0.3 cm thick
neoprene gasket between two quartz plates. Low-temperature NIR MCD spectra were obtained
using either a JASCO 200D or JASCO 730 spectropolarimeter with a liquid N2 cooled InSb
detector equipped with an Oxford Instruments Spectromag 4000 superconducting magnet/
cryostat (Oxford SM4000-7 Tesla (T)). The MCD spectra shown were recorded at 5 K and 7
T with the natural CD (0 T) subtracted unless otherwise stated. To obtain the MCD spectrum
of the mononuclear ferrous site of NDO, the MCD spectrum of a matched apoNDO sample
was subtracted from that of FeNDO. The matched apoNDO sample came from the same
degassed protein stock solution of FeNDO. VTVH MCD spectra were collected at a range of
magnetic fields at each chosen temperature, measured using a calibrated Cernox resistor
(Lakeshore Cryogenics, calibrated 1.5-300K) inserted into the sample cell to accurately
measure the temperature. VTVH MCD data were collected at an energy where there is no
contribution of the apoNDO, thus the VTVH behavior of the signal intensity can be associated
with the mononuclear ferrous site. The VTVH MCD data were normalized to the maximum
observed intensity over all isotherms for a given wavelength and the ground-state parameters
were extracted by fitting in accordance with published procedures.60

Results and Analyses
NDOox

The 5 K 7 T MCD spectrum of resting NDO with the oxidized Rieske site is shown in Figure
2A. NIR MCD spectroscopy is a powerful method for observing the 5Eg excited-state LF
splitting (Δ5Eg) of non-heme ferrous active sites, which allows assignment of ferrous
coordination number (six-coordinate: two LF transitions centered at 10000 cm−1 split by ~2000
cm−1; five-coordinate: one LF transition at ~10000 cm−1 and second LF transition at ~5000
cm−1; four-coordinate: two LF transitions at ~5000-6000 cm−1).3,60 The low-temperature
MCD spectrum of FeNDOox indicated by the gray line exhibits two peaks at ~8000 and 9700
cm−1, which includes spectroscopic contributions from both the oxidized Rieske site and the
catalytic ferrous site. The apo spectrum shown by the gray dashed line is the temperature-
independent MCD signal of the S = 0 diamagnetic oxidized Rieske site. The difference
spectrum indicated with the dark green line obtained by subtracting the MCD spectrum of
apoNDOox from that of FeNDOox revealed two d-d transitions centered at ~9300 cm−1 with
the 5Eg split by 2750 cm−1 (Δ5Eg) indicative of a distorted six-coordinate ferrous site, in
agreement with the previous MCD study of the resting PDO enzyme. The Δ5Eg splittings of
resting NDO is relatively large compared to the splittings observed for PDO55,56 and other
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non-heme iron containing oxygenases,4-14 indicative of the presence of a relatively weak axial
ligand at the ferrous site of resting NDO.

To obtain the ground-state ZFS of the S = 2 ferrous site, VTVH MCD data were taken at 7810
(position 1 in Figure 2A) and 10200 cm−1 (position 2 in Figure 2A), because the oxidized
Rieske site does not exhibit MCD signal intensity at these energies. Figure 2B shows these
data plotted vs βH/2kT (where β is the Bohr magneton and k is Boltzmann’s constant), along
with the best fit to the data. The inverse relationship between MCD intensity and temperature
is characteristic of C-term behavior arising from a degenerate electronic ground-state. The
saturation magnetization behavior is well described by a negative ZFS non-Kramers doublet
model (see ref 3 for details), and the ground-state spin Hamiltonian parameters obtained from
the fit to the data are g∥ = 9.3 and δ = 3.7 cm−1 for both bands, as listed in Table 1 (δ is the
energy splitting of the Ms = ±2 non-Kramers doublet ground state and g∥ is its Zeeman splitting).
The difference in saturation behavior between the 7810 and 10200 cm−1 transition intensities
reflects different contributions from B-terms and the polarization ratios, Mz/Mxy (Table 1). On
the basis of these parameters, the 5T2g ground state energy splitting parameters (Δ = dxy −
dxz,dyz; V = dxz − dyz) are determined (see ref 3) to be −Δ ~ 450 cm−1 and V ~ 160 cm−1 which
are in the range found for distorted six-coordinate ferrous sites. Thus, from the MCD and VTVH
MCD data, the resting NDO enzyme with an oxidized Rieske site contains a high-spin ferrous
active site with a distorted six-coordinate geometry. The |V/2Δ| of 0.18 is far from the rhombic
limit of 0.33, implying weak axial coordination to the catalytic ferrous site consistent with the
relatively large Δ5Eg.

NDOox-Naph
Figure 3A shows the 5 K 7 T MCD spectra of naphthalene-bound holo- and apo-NDO with
the Rieske site oxidized. The gray line is the spectrum of FeNDOox-Naph, the gray dashed
line is of the apoNDOox-Naph, and the navy line is the difference spectrum (FeNDOox-Naph
– apoNDOox-Naph). Although the apoNDOox-Naph spectrum is essentially the same as
apoNDOox, the spectrum of FeNDOox-Naph exhibits a large increase in signal intensity at
~10000 cm−1 compared to the spectrum of FeNDOox (Figure 2A). The difference spectrum
(navy line) clearly demonstrates the presence of a single intense MCD band at 10290 cm−1,
which suggests formation of a five-coordinate ferrous site. A five-coordinate site also has a
second ligand transition in the energy range of ~5000 cm−1, which is not observed in
FeNDOox-Naph but can be below our instrument cutoff.

VTVH MCD spectroscopy was applied to probe the ground-state splitting by monitoring the
signal intensity at 10340 cm−1 (position 1 in Figure 3A) for a series of different fields at fixed
temperatures. At this transition energy, only the mononuclear ferrous site contributes to the
MCD signal intensity because the MCD spectrum of apoNDOox-Naph has a crossing point.
Figure 3B shows these data plotted vs βH/2kT, along with the best fit to the data. The saturation
magnetization behavior is well described by the negative ZFS non-Kramers model, and the
ground-state spin Hamiltonian parameters are listed in Table 1. The decrease in the nesting of
the isotherm curves in Figure 3B compared to the curves observed for a six-coordinate ferrous
site in FeNDOox in Figure 2B reflects a smaller δ value of 3.3.61 Using the δ and g∥ from the
VTVH MCD fit, the 5T2g energy splittings are −Δ ~ 800 and V ~ 500 cm−1, which are typical
for a five-coordinate site. Thus, from the MCD spectrum and VTVH MCD data, FeNDOox-
Naph contains a high-spin ferrous catalytic site with a five-coordinate geometry. The formation
of a five-coordinate site is consistent with the high intensity of the MCD signal compared with
the signal from a six-coordinate site in FeNDOox; A five-coordinate site would have increased
absorption intensity relative to a six-coordinate site, because its low symmetry allows higher
energy intense transitions to mix into parity forbidden d-d transitions. MCD intensity is
proportional to absorption intensity.62
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NDOred
The reduced Rieske site with a paramagnetic S = 1/2 ground-state shows C-term MCD intensity.
Therefore, to access the spectroscopic data on the ferrous catalytic site in resting NDO with
the Rieske site reduced, we recorded the MCD spectra of both FeNDOred and apoNDOred
from the same batch of stock protein under identical conditions, and the apo contribution was
subtracted from the FeNDOred spectrum. Figure 4A shows the 5 K 7 T MCD spectrum of
resting NDO with the Rieske site reduced. The gray line is the spectrum of FeNDOred, the
gray dashed line is of the apoNDOred, and the green line is their difference spectrum. The
MCD spectrum of apoNDOred reveals that the signal due to the Rieske center has changed
considerably, providing direct spectroscopic evidence that the two sets of samples are indeed
in different oxidation states; conditions that are difficult to ascertain and maintain in
crystallographic experiments. The difference spectrum shows two peaks centered around 9200
cm−1, implying the presence of a six-coordinate ferrous catalytic site. The smaller Δ5Eg
splitting of 2290 cm−1 compared to the 2750 cm−1 splitting observed for the ferrous site in
FeNDOox (in Figure 2A) indicates that the weak axial ligand in the non-heme ferrous site
becomes stronger upon reduction of the Rieske site.

VTVH MCD data on the non-heme ferrous site were obtained at 8810 cm−1 (position 1 in
Figure 4A) and 10010 cm−1 (position 2 in Figure 4A) for a series of different fields at fixed
temperatures. At these transition energies the apoNDOred spectrum of the S = 1/2 Rieske center
(dashed line in Figure 4A) has no MCD signal intensity. Figure 4B shows these data plotted
vs βH/2kT, along with the best fit to the data. The saturation magnetization behaviors at these
transition energies are well described by the negative ZFS non-Kramers model. The ground-
state spin Hamiltonian parameters obtained from the fits to the data are g∥ = 9.3 and δ = 3.0
cm−1 for both bands as listed in Table 1. The 5T2g splittings are determined from these to be
−Δ ~ 330 cm−1 and V ~ 95 cm−1, which are in a range for distorted octahedral six-coordinate
ferrous sites. The difference in saturation behavior between the 8810 and 10010 cm−1 transition
intensities again reflects the different contributions from the B-terms and polarization ratios
(Table 1). Thus, from the MCD and VTVH MCD data, resting FeNDOred contains a high-spin
ferrous active site with a six-coordinate distorted octahedral geometry. The rhombicity |V/
2Δ| of 0.14 is a little smaller than that of NDOox (0.18), which would seem inconsistent with
the lower 5Eg excited-state splitting. However, the excited-state splitting pattern depends on
σ d-orbital interactions with the ligands, while the ground-state splittings reflects π d-orbital
interactions with the ligands, in particular the carboxylate.1,3 Importantly, -Δ and V both
decrease in FeNDOred compared to FeNDOox consistent with a stronger 6th ligand. Thus,
upon reduction of the Rieske site, a structural change is transmitted across the subunit interface
to the ferrous site, which results in stronger axially coordinated water, while the π-donor
carboxylate ligation becomes perturbed. Importantly, the MCD spectral features of the ferrous
catalytic site in FeNDOox and FeNDOred are generally the same, and thus alteration of the
redox state of the Rieske site does not significantly affect the coordination number of the
mononuclear ferrous site in the absence of a substrate.

NDOred-Naph
Figure 5A shows the 5 K 7 T MCD spectra of naphthalene-bound NDO with the reduced Rieske
site. Although the spectral features of apoNDOred-Naph shown by the gray dash line are
essentially the same as that of apoNDOred, there is a difference in the spectral pattern between
FeNDOred-Naph (shown by the gray line) and the corresponding substrate free form, in
particular an increase of the MCD signal at ~11000 cm−1 in the substrate-bound form. The
MCD difference spectrum (FeNDOred-Naph − apoNDOred-Naph) indicated by the aqua line
exhibits two bands at 8165 cm-1 and 10575 cm-1. VTVH MCD data were used to assign the
species associated with the new bands by monitoring the MCD intensity at 8890 (position 1 in
Figure 5A) and 10010 cm−1 (position 2 in Figure 5A) for a series of different fields at fixed
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temperatures. Again, at these energies the reduced Rieske site in apoNDOred-Naph does not
exhibit signal intensity, which enables VTVH MCD analysis on the ferrous catalytic site.
Figure 5B shows these data plotted vs βH/2kT, along with the best fits. However, a band fitting
analysis of the two MCD signals of NDOred-Naph indicates that the MCD signal intensity at
8890 cm-1 has a 65% contribution from a band centered at 8165 cm-1 and 35% from a 10575
cm-1 band (at 7T, 5K; Figure S2 in Supporting Information). The VTVH MCD data obtained
at 10010 cm-1 has no contribution from the lower energy band. To access to the VTVH MCD
data for the 8165 cm-1 band, normalized VTVH MCD intensities experimentally obtained from
the VTVH MCD analysis at 8890 cm-1 were corrected for the 35% contribution from the 10575
cm-1 band (at 7T, 5K) and renormalized; This was accomplished by subtraction of 35% of the
intensity of normalized VTVH MCD data collected at 10010 cm-1 from the normalized VTVH
MCD intensities experimentally obtained at 8890 cm-1. The resulting curves were then
renormalized. Figure 5C shows these data plotted vs βH/2kT, along with the best fit. The
saturation magnetization behaviors of both bands are well described by the negative ZFS non-
Kramers model, but in contrast to FeNDOox-Naph, fits to FeNDOred-Naph can only be
achieved by using different ground-state parameters for the two transitions as listed in Table
1. The energy of the LF transitions observed for each species and the VTVH MCD data indicate
the presence of two different five-coordinate ferrous sites. The second, low energy, LF
transition would be below the 5000 cm−1 cutoff of our NIR MCD instruments. The species
associated with 10000 cm−1 MCD transition is characterized by a δ of 3.8 cm−1 and g∥ of 9.0.
The 5T2g splittings calculated from those spin Hamiltonian parameters are almost the same as
those obtained for the oxidized substrate bound form indicative of a square pyramidal ferrous
site, thus the species associated with the 10000 cm−1 band in FeNDOred-Naph is equivalent
to the five-coordinate ferrous site found for FeNDOox-Naph. The decreased MCD signal
intensity of NDOred-Naph compared to FeNDOox-Naph at 10000 cm-1 indicates that ~1/3 of
the square pyramidal sites is converted to a second 5c species in FeNDOred-Naph (Figure S1).
This species is associated with 8165 cm−1 band and is characterized by a small δ value of 1.2
cm−1 which is consistent with a five-coordinate trigonal bipyramidal ferrous catalytic site. The
small value of δ for the trigonal bipyramidal site reflects the out-of-state interaction of the spin-
orbit coupling of the 5E’’ ground-state with both the 5E’ and 5A1 excited-states (vide infra).3,
60 For the square pyramidal ferrous site the spin-orbit coupling is in-state (5T2g) which leads
to a larger ZFS.

d-orbital energy levels
From the experimental excited-state splittings and ground-state VTVH MCD analyses,
experimental d-orbital energy level diagrams have been constructed for the ferrous catalytic
sites in FeNDOox, FeNDOox-Naph, FeNDOred, and FeNDOred-Naph (Figure 6). For the
resting NDO enzymes (FeNDOox and FeNDOred in the first and third columns), the
observed 5Eg excited-state d-orbital energies at ~8000 and 10000 cm−1 are consistent with a
distorted six-coordinate ferrous center. The 5T2g ground-state dπ-orbitals lie at 0, 160, and 530
cm−1 and at 0, 95, 385 cm−1 in FeNDOox and FeNDOred, respectively, which are typical
splittings observed for six-coordinate complexes with oxygen and nitrogen ligand sets.1,3,60

The energies of these five d-orbitals are similar, implying that in the absence of substrate, the
geometric and electronic structure of the catalytic ferrous site are not significantly perturbed
with change in the redox state of the Rieske site. This is in contrast to the x-ray crystal study
of OMO, but consistent with the observation that O2 does not bind to the ferrous mononuclear
iron in the absence of substrate for either redox state of the Rieske cluster.45

The observed excited-state energy for the substrate-bound NDO with the oxidized Rieske site
(FeNDOox-Naph) occurs at 10290 cm−1. The ground-state LF splittings of 0, 500, and 1050
cm−1 are in the range found for five-coordinate square pyramidal geometries.1,3,60 Therefore,
a six- to five-coordinate conversion of the non-heme ferrous catalytic site occurs upon substrate
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binding to the resting NDO enzyme. Again this result is not consistent with the crystallography
on ROs, but in line with solution studies which showed rapid oxygen binding following addition
of substrate when the Rieske center is reduced.45

Upon reduction of the Rieske site in the substrate bound form, two different five-coordinate
species are generated in a 2:1 mixture (fourth and fifth columns in Figure 6). The observed
excited-state energy of the five-coordinate square pyramidal species is 10575 cm−1, and
the 5T2g ground-state dπ-orbital splittings are 0, 425, and 910 cm−1. The trigonal bipyramidal
five-coordinate species exhibits a LF transition at 8165 cm−1. A trigonal ferrous LF produces
a 5E’’ ground-state with (dxy, dyz) lowest in energy, a 5E’ (dx2-y2, dxy) as the first excited-state,
and a 5A1’ (dz2) as the highest LF excited-state. Thus, there is large change in the geometric
and electronic structure of the catalytic ferrous site upon reduction of the Rieske site in the
presence of substrate, which could contribute to its O2 reactivity.

Discussion
Correlation to crystallography

Recent structural information on the Rieske non-heme iron oxygenases provides a starting
point for mechanistic studies. More than 34 crystal structures of 11 different enzymes are
available from the Protein Data Bank as of June 2007. However, in most of the crystallographic
studies the coordination environment and redox state of the metal centers are not well defined.
An important role of spectroscopy is to provide complementary information on the geometric
and electronic structures of the metal centers providing molecular level insight into the catalytic
mechanism.

The MCD data demonstrate the presence of a six-coordinate catalytic ferrous site with a weak
axial ligand in resting NDO when the Rieske site is oxidized, but the x-ray crystal structures
of the corresponding NDO species show a five-coordinate ferrous site.21,63 A water would
likely be the missing ligand in the crystal structures of resting NDO because the structure of
the ferrous site of resting (OMO) (with a reduced Rieske site) shows two water molecules
coordinated to a six-coordinate iron (other ligands: two histidines and one bidentate
carboxylate).25 The catalytic ferrous site of the resting NDO enzyme with the Rieske cluster
reduced was also characterized by the MCD data as being six-coordinate. Again, the crystal
structure of resting NDO with a reduced Rieske center assigned the ferrous site as five-
coordinate.21

Although the x-ray structure of naphthalene-bound NDO with the Rieske site oxidized is not
available, our MCD data indicate that the catalytic ferrous site now has a five-coordinate square
pyramidal geometry. The crystal structure of the corresponding substrate-bound ferrous OMO
enzyme was in fact modeled as having a distorted five-coordinate square pyramidal site.
Reduction of the Rieske site in the substrate-bound form is found to convert 1/3 of the five-
coordinate catalytic ferrous sites to trigonal bipyramidal sites. This distortion to a trigonal
bipyramidal structure is consistent with the crystal structure of the ferrous site in substrate-
bound NDO with the Rieske center reduced which can be viewed as a distorted five-coordinate
trigonal bipyramidal site with a water, His213, and one of the oxygen atoms of Asp362 defining
the trigonal plane.21 From the crystal structures of OMO, reduction of the Rieske site is believed
to protonate the histidine ligand of the Rieske center that now H-bonds to an Asp, which in
turn bridges to a histidine ligand coordinated to the ferrous site resulting in a conformational
change that alters the active site geometry (Figure 1). From the MCD data, reduction of the
Rieske center also changes the five-coordinate catalytic ferrous site structure in the presence
of substrate. This structural reorganization in the Rieske dioxygenase could play a role in the
electron transfer from the Rieske cluster or regulation of oxygen activation chemistry at the
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mononuclear iron. A summary of the coordination environments of the catalytic ferrous site
in NDO constructed with the spectroscopy and crystallography is presented in Scheme 2.

Mechanistic considerations
The six- to five-coordinate conversion upon substrate binding observed for the ferrous site of
NDO is in line with the general mechanistic strategy observed for other non-heme iron
containing oxygenases in creating a coordinatively unsaturated site for the binding and
activation of O2 only in the presence of substrate(s).1,2,57 The allosteric effect on the ferrous
site upon reduction of the Rieske site in the absence and presence of the substrate would further
provide a mechanism for regulation of the reactivity toward O2.

The formation of a relatively strong axial six-coordinate ferrous site in resting NDO when the
Rieske site is reduced has relevance to NO binding studies of NDO45 and other RDOs;36,47,
48 NO can bind to the resting ferrous site with the Rieske site oxidized, but not when the Rieske
is reduced. The weak axial six-coordinate ferrous catalytic site with the oxidized Rieske site
would allow binding of NO to eliminate a weakly coordinated water, but when the Rieske
center is reduced the tighter six-coordinate site would inhibit NO binding. This structural
change suggests a regulation mechanism limiting O2 binding to the resting ferrous site when
the Rieske center is reduced. From our previous studies, O2 binding to a coordinatively
unsaturated ferrous site with one-electron reduction to superoxide is unfavorable.64 However,
the two-electron reduction of O2 would be favorable which is possible with the Rieske center
reduced.65 Thus this allosteric effect in resting NDO would avoid uncontrolled formation and
release of activated O2 species. This additional regulation of the non-heme ferrous catalytic
site parallels the behavior of other non-heme iron containing oxygenases which require both
cofactor and substrate for activation of O2. It was found from previous MCD studies of the α-
KG and pterin dependent non-heme iron oxygenases that when only the redox active cofactor
is present the site is six-coordinate preventing the O2 reaction until the substrate binds to the
active site.1,2

From the crystal structures of resting OMO, reduction of the Rieske site displaces the non-
heme iron ~0.8 Å away from a substrate binding site, and apparently increases the distance
between the iron and a proximal residue, Asn215 (corresponding to Asn201 in NDO), allowing
binding of an exogeneous 6th water ligand.25 In addition, crystal structures of resting OMO
exhibit large conformational changes in His221 (corresponding to His208 in NDO) upon
reduction of the Rieske center (a 1.5 Å shift in its Cα atom and 20° twist of its side chain).25,
66 Thus in resting NDO reduction of the Rieske site might displace the iron due to perturbation
on His208, creating a more open site. allowing a tightly bound 6th ligand (H2O). The conversion
of the square pyramidal to the trigonal bipyramidal structure in naphthalene-bound NDO upon
reduction of the Rieske center would also appear to be due to perturbation of the histidine
ligand (His208) coordinated to the catalytic iron and involved in the ET pathway. The structural
alteration might only occur in one α subunit of the α3β3 structure based on the partial
conversion.

The formation of two coordination geometries in naphthalene-bound NDO with the reduced
Rieske site relates to the ENDOR results for the substrate complexes of NO-bound NDO.42,
43 The ENDOR study showed that there were two substrate binding sites (A and B).42,43 When
the Rieske center is reduced, the substrate is displaced 0.5 Å away from the iron (the B site)
compared with the A site which is dominant with the Rieske center oxidized. The MCD data
suggest that this change in the substrate position with change in the redox state of the Rieske
site is correlated to a change in the coordination geometry of the catalytic ferrous site from
square pyramidal to trigonal bipyramidal. The partial formation of the second species observed
by ENDOR is also consistent with the MCD results on the catalytic ferrous site.
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From the crystal structures of NDO-O2 adducts,21 O2 is suggested to bind to the iron in a side-
on η2-O2-Fe structure. The trigonal bipyramidal site could control binding of O2 in this
orientation by elimination of its apical water ligand. The observed weak axial ligand set of
NDO would generate a high-spin ferric-(hydro)peroxide through two-electron transfer (one
electron from the catalytic ferrous site and the second electron from the reduced Rieske center).
It was found from previous model and computational studies that homolytic cleavage of a
peroxide O-O bond is not favorable at a high-spin ferric site compared to its low-spin analog.
67,68 However, heterolytic cleavage of the O-O bond was not evaluated in these studies. In
fact, the sub-stoichimetric incorporation of 18O into product via peroxide shunt turnover in the
presence of 18O labeled H2O2, H2O, or O2 may suggest that the O-O bond is cleaved prior to
substrate attack.46 A recent mechanistic study of NDO using diagnostic probe molecules has
suggested that their monooxygenation reaction is mediated by an Fe5+-oxo-hydroxo
intermediate.69 Alternatively, this high oxidation state would be difficult to achieve in a non-
heme ligand environment.70 Further study is required to elucidate the nature and reactivity of
the FeO2 species reported for NDO.

In summary, the MCD spectra and VTVH MCD data and analyses presented here provide new
insight into the coordination geometry and electronic structure of the catalytic ferrous site in
naphthalene 1,2- and related Rieske dioxygenases. New aspects emerging from this study are:
(1) resting NDO has a six-coordinate ferrous catalytic site; (2) substrate binding to resting NDO
causes a six- to five-coordinate conversion at this ferrous site; (3) a relatively weakly bound
water ligand at ferrous catalytic site in the resting enzyme becomes more tightly coordinated
upon reduction of the Rieske site; (4) a square pyramidal five-coordinate catalytic ferrous site
in the substrate-bound enzyme is partly converted to a trigonal bipyramidal site when the
Rieske site is reduced; the geometric and electronic structure of the catalytic site in the presence
of substrate is thus significantly affected by the redox state of the Rieske center. These
molecular structural insights are relevant to protein dynamics that regulate the reactivity toward
O2 during the catalytic cycle, where both substrate binding and reduction of the Rieske center
are required for O2 activation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
One of the specific crystal structures of Rieske dioxygenase from naphthalene dioxygenase
(NDO) with bound indole (PDB: 1EG9)
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Figure 2.
Ligand field MCD and VTVH MCD data for resting NDO with oxidized Rieske. (A) MCD
spectra at 5K and 7T of resting NDO; FeNDOox (gray line), apoNDOox (gray dashed line),
and the difference (FeNDOox – apoNDOox) (dark green line) spectra. (B) VTVH saturation
magnetization behavior of resting NDO with oxidized Rieske measured at 7810 cm−1 (1) and
10200 cm−1 (2). The normalized data are plotted vs βH/2kT for a series of fixed temperatures
(1.7, 2, 3, 5, 7, 10, 15, 25K). The temperature of isotherm curves increases as the color of curves
changes from purple to red in the spectral color order. Errors in the intensities are also shown
by error bars. The best fit (solid lines) to the data was generated by the parameters described
in Table 1.
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Figure 3.
Ligand field MCD and VTVH MCD data for naphthalene-bound NDO with oxidized Rieske.
(A) MCD spectra at 5K and 7T of naphthalene-bound NDO with oxidized Rieske; FeNDOox-
Naph (gray line), apoNDOox-Naph (gray dashed line), and the difference (FeNDOox-Naph −
apoNDOox-Naph) (dark blue line) spectra. (B) VTVH saturation magnetization behavior of
naphthalene-bound NDO with oxidized Rieske measured at 10340 cm−1 (1). The normalized
data are plotted vs βH/2kT for a series of fixed temperatures (2, 3, 5, 10, 15, 25K). The
temperature of isotherm curves increases as the color of curves changes from purple to red in
the spectral color order. Errors in the intensities are also shown by error bars. The best fit (solid
lines) to the data was generated by the parameters described in Table 1.
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Figure 4.
Ligand field MCD and VTVH MCD data for resting NDO with reduced Rieske. (A) MCD
spectra at 5K and 7T of resting NDO with reduced Rieske; FeNDOred (gray line), apoNDOred
(gray dashed line), and the difference (FeNDOred – apoNDOred) (light green line) spectra.
(B) VTVH saturation magnetization behavior of resting NDO with reduced Rieske measured
at 8810 cm−1 (1) and 10010 cm−1 (2). The normalized data are plotted vs βH/2kT for a series
of fixed temperatures (1,7, 2, 3, 5, 7, 10, 15, 25K). The temperature of isotherm curves increases
as the color of curves changes from purple to red in the spectral color order. Errors in the
intensities are also shown by error bars. The best fit (solid lines) to the data was generated by
the parameters described in Table 1.
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Figure 5.
Ligand field MCD and VTVH MCD data for naphthalene-bound NDO with reduced Rieske.
(A) MCD spectra at 5K and 7T of naphthalene-bound NDO with reduced Rieske; FeNDOred-
Naph (gray line), apoNDOred-Naph (gray dashed line), and the difference (FeNDOred-Naph
− apoNDOred-Naph) (aqua line) spectra. (B) VTVH saturation magnetization behavior of
naphthalene-bound NDO with reduced Rieske measured at 8890 cm−1 (1) and 10010 cm−1 (2).
The normalized data are plotted vs βH/2kT for a series of fixed temperatures (1,7, 3, 5, 7, 10,
15, 25K). The temperature of isotherm curves increases as the color of curves changes from
purple to red in the spectral color order. Errors in the intensities are also shown by error bars.
The best fit (solid lines) to the data was generated by the parameters described in Table 1. (C)
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Corrected VTVH saturation magnetization behavior of naphthalene-bound NDO with reduced
Rieske obtained by subtraction of 35% of the intensities of normalized VTVH MCD data
calculated at 10010 cm-1 from the normalized VTVH MCD intensities experimentally obtained
at 8890cm-1. The normalized data are plotted vs βH/2kT for a series of fixed temperatures (1,7,
3, 5, 7, 10, 15, 25K). The temperature of isotherm curves increases as the color of curves
changes from purple to red in the spectral color order. Errors in the intensities are also shown
by error bars. The best fit (solid lines) to the data was generated by the parameters described
in Table 1.
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Figure 6.
Experimentally determined d-orbital energy levels. Ligand field parameters are listed in Table
1.
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Scheme 1.
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Scheme 2.
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