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Abstract Phthalate dioxygenase (PDO) from Pseudo-
monas cepacia contains a Rieske-like [2Fe-2S] cluster
and a mononuclear non-heme Fe(II) site. The mononu-
clear iron can be replaced by a variety of divalent metal
ions, although only Fe(II) permits catalytic activity. We
used X-ray absorption spectroscopy to characterize the
structural properties of the mononuclear iron site and
to follow the structural changes in this site as a function
both of Rieske site oxidation state and of phthalate
binding. Data for the mononuclear site have been mea-
sured directly for PDO substituted with Co or Zn in the
mononuclear site, and by difference for the native 3-Fe
protein. The mononuclear site was modeled well by low
Z-ligation (oxygen or nitrogen) and showed no evi-
dence for high-Z ligands (e.g., sulfur). The relatively
short average first shell bond lengths and the absence
of significant outer shell scattering suggest that the
mononuclear site has several oxygen ligands. With Zn
in the mononuclear site, the average bond length
(2.00 Å) suggests a 5-coordinate site under all condi-
tions. In contrast, the Co- or Fe-containing mononu-
clear site appeared to be 6-coordinate and changed to
5-coordinate when substrate was bound, since the first
shell bond length changed from 2.08 to 2.02 Å (Co) or
2.10 to 2.06 Å (Fe). The implications of these findings
for the PDO mechanism are discussed.
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Introduction

The metabolism of aromatic compounds is a topic of
considerable current interest. A key class of enzyme in-
volved in the degradation of aromatic species is com-
prised of the dioxygenases which are important both in
catechol ring cleavage and in the conversion of aromat-
ic compounds to catechols [1–5]. Many of the pathways
in bacterial degradation of aromatic compounds in-
volve initial dihydroxylations utilizing O2 and NADH
to yield cis–dihydrodiols, followed by NAD-coupled
dehydrogenations to form catechols with regeneration
of NADH [6].

In Pseudomonas cepacia, the enzymes in the path-
way for degradation of phthalate have been isolated
and purified [1, 7, 8]. Phthalate dioxygenase (PDO)
from P. cepacia DB01 contains both a Rieske-like [2Fe-
2S] center and a mononuclear Fe(II) site and is tightly
coupled to phthalate oxygenase reductase during cata-
lytic turnover [7]. PDO is similar to other dioxygenases
containing Rieske centers, including benzene dioxygen-
ase [9, 10] toluene dioxygenase [11–13], benzoate 1,2-
dioxygenase [14], pyrazon dioxygenase [15], naphthal-
ene dioxygenase [16, 17], and 4-methoxybenzoate-
O–demethylase [18]. In addition to the Rieske center,
these oxygenases either contain a mononuclear ferrous
iron as isolated or require reconstitution with Fe(II) for
maximum activity. When P. cepacia DB01 is grown on
phthalate as the sole carbon source, PDO constitutes
ca. 5–10% of the soluble protein. This, together with
the fact that PDO is remarkably stable [7], makes it ide-
al for studies of the general problem of biological aro-
matic dioxygenation.

We have previously characterized the structure of
the Rieske center of phthalate dioxygenase [19–21]. In
the present manuscript, we report the results of an X-
ray absorption spectroscopy (XAS) study of the mono-
nuclear site of phthalate dioxygenase. Taken together,
these results provide a substantially complete structural
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Table 1 Samples studied

Metal
sitea

Rieske
siteb

Sub-
stratec

Beam-
lined

Mono-
chromator

Temper-
ature

Fee Oxid. c VII-3 Si(220) 10 K
Fee Oxid. P X9-A Si(111) 77 K
Co Oxid. c VII-3 Si(400) 10 K
Cof Oxid. B II-2 Si(220) 10 K
Cof Red. B X11-A Si(111) 77 K
Cog Oxid./red. B VII-3 Si(400) 10 K
Zn Oxid. B VII-3 Si(400) 10 K
Zn Red. c VII-3 Si(400) 10 K
Zn Red. P X11-A Si(111) 77 K

a Metal in the mononuclear site
b Oxidation state of Rieske cluster: oxid. Fe(III)/Fe(III), red.
Fe(II)/Fe(III)
c Measurements were made either in the presence (c) or in the
absence (P) of phthalate, or both (B)
d SSRL beamline VII-3 is a wiggler source, operated at 18 kG.
SSRL beamline II-2 is a bending magnet source with a focusing
mirror. NSLS beamlines X-11A and X-9A are bending magnet
sources; X-9A is equipped with a mirror for harmonic rejection.
Where a mirror was not used, the monochromator was detuned
by 50% for harmonic rejection
e Fe present in both Rieske cluster and mononuclear site
f EXAFS only
g XANES only

definition of the metal sites in PDO and provide insight
into the catalytic mechanism of this enzyme.

Materials and methods

Sample preparation

PDO was purified from P. cepacia DB01 as described by Batie
and Ballou [19]. The purified enzyme was depleted of its mono-
nuclear Fe by extensive dialysis against EDTA; the dialysis buffer
(0.05 M HEPES, 0.005 M EDTA, pH 8.0) was changed three
times over 24 h. The apoenzyme was equilibrated with 0.1 M
HEPES, pH 8.0 by gel filtration and then concentrated to 4.3 mM
by ultrafiltration over Centricon-30 membranes (Amicon). Sam-
ples (180 ml) were prepared by mixing PDO (3.5 mM final con-
centration) with the following reagents, as required (final concen-
trations given): Co(II) and Zn(II), 3.0 mM; phthalate, 5 mM; di-
thionite, 2.5 mM. Reduced samples were equilibrated with N2 pri-
or to addition of dithionite. After a 10-min incubation, samples
were frozen by immersion in liquid N2.

XAS measurements

Extended X-ray absorption fine structure (EXAFS) and X-ray
absorption near edge structure (XANES) spectra were measured
at the Stanford Synchrotron Radiation Laboratory (SSRL) and
the National Synchrotron Light Source (NSLS, Brookhaven Na-
tional Laboratory). The samples studied and the experimental
conditions are summarized in Table 1. Data were measured as
fluorescence excitation spectra using a large solid-angle ion cham-
ber [22] with Ar fill gas as the X-ray fluorescence detector and a
combination of Soller slits with Mn, Fe or Ni filters (at the Fe, Co
and Zn edges, respectively) to decrease the scattered radiation
[23]. The incident and transmitted intensities were measured us-
ing N2–filled ionization chambers. Energy calibration was accom-
plished using an Fe, Co or Zn foil as an internal standard and
assigning the energy of the first inflection point of the foil absorp-
tion spectra as 7111.2 eV (Fe), 7709.5 eV (Co) or 9660.7 eV (Zn).
As a measure of sample integrity, we compared the XANES spec-
tra measured for the first and the last scan of each sample. No
changes were observed over the course of data collection. For ac-
tive protein (Fe in the mononuclear site), no loss in activity was
observed following X-ray irradiation. EXAFS data reduction fol-
lowed standard procedures for background removal and normali-
zation to a Victoreen polynomial [24]. Initial conversion from en-
ergy, E, to k–space used

kp;2me (EPE0)/k2 (1)

where me is the electron mass and the threshold energy, E0, was
set to 7130 eV (Fe), 7725 (Co) or 9675 (Zn).

Data analysis

The EXAFS data, x (k), were fitted to Eq. 2 using a non-linear
least squares algorithm.

x (k)pA Ni Fi (k)
kR2

i

exp(P2k2 s2
i )7sin(2kRicwi (k)) (2)

In Eq. 2, Ni is the number of scatterers at distance Ri from the
absorber; si is the root-mean-square variation in Ri; and Fi(k) and
wi(k) are the backscattering amplitude and total phase-shift, re-
spectively. The subscripts i refer to the ith absorber-scatterer pair,
and the sum is taken over all the absorber-scatterer pairs.

1 en Ethylenediamine, acac acetylacetonate anion, SPh thiophe-
nolate ion, NEt4 tetraethylammonium

Ab initio parameters for the amplitude, F(k), and phase, w(k)
were calculated using the program FEFF 6.01a [25, 26]. These pa-
rameters were calibrated by fitting the EXAFS data for model
compounds of known structure and optimizing a k–independent
scale factor (S) and E0 so as to give the best fit. Calibrations were
based on the model compounds, Co(III)(en)3 [27] for Co-N,
Zn(II)(H2O)6(dihydroxybenzoate)272H2O [28] for Zn-O,
Fe(III)(acac)3 [29] for Fe-O, and Fe(III)(SPh)4(NEt4) [30] for
both Fe-S and Co-S.1 All models were prepared following litera-
ture procedures. The average value of S for these and other mod-
els was 0.9 and this was used for all subsequent curve fitting. The
optimized DE0 values (DE0 p shift in E0 from initial value) were
10 for Fe, 6 for Co, and 9 for Zn. Small uncertainties in the pre-
cise value of E0 result in an estimated accuracy of B0.02 Å in the
distance determinations. For comparisons of the bond lengths of
a single absorber-scatterer type, the precision is substantially bet-
ter, ca. B0.01 Å.

In general, curve fitting to the EXAFS data used three varia-
ble parameters per shell: N, R and s2. Since N and s2 are highly
correlated, N was fixed at different chemically reasonable integer
values and only R and s2 were treated as freely variable parame-
ters. Both Fourier-filtered single shells (R p 0.9–2.1 Å for Fe;
R p 0.9–2.2 Å or 1.0–2.3 Å for Co; R p 1.0–2.0 Å for Zn) and
unfiltered EXAFS spectra were used for curve fitting. No signifi-
cant differences in structural parameters were observed. All fits
utilized k3 weighted data over a k range of 2–12 Å–1.

For quantitative analysis of the XANES region, the data were
normalized [31] by subtraction of a single low-order polynomial
followed by multiplication by a single scale factor to give the best
agreement, both below and above the edge, with tabulated X-ray
absorption cross-sections [32]. In addition to the models discussed
previously, other models used for XANES comparisons included
Co(II)(en)3, Co(III)(NH3)6, Co(II)(NH3)6, Zn(II)(ace-
tate)272H2O and Zn(II)(pyridine-N–oxide)6.

The 1s]3d transitions were isolated by subtracting the appro-
priate XANES background. The background was estimated by
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Fig. 1 EXAFS spectra (k3 weighted) for the mononuclear site in
PDO. All spectra are plotted on the same vertical scale and dis-
placed vertically for clarity. For each pair of spectra, the top trace
is for PDO with the Rieske cluster oxidized, the bottom with the
Rieske cluster reduced. From top: Zn EXAFS c phthalate; Zn
EXAFS in absence of phthalate; Co EXAFS c phthalate; Co
EXAFS in absence of phthalate

Fig. 2 Fourier transforms of the data shown in Fig. 1, calculated
with k3 weighted data over the range 2–12.5 Å–1. All spectra are
plotted on the same vertical scale and displaced for clarity. Plots
are in the same order as in Fig. 1

one of two methods: (a) fitting, in a least squares sense, a back-
ground function (linear c arctan functions) to the regions below
(7700–7707 eV) and above (7714–7719 eV) the 1s]3d transition,
or (b) Fitting a background function (linear c arctan) plus a
Gaussian or Lorentzian function to the entire region
(7700–7719 eV). Similar backgrounds were obtained using either
protocol. This background was then subtracted from the data to
give the isolated 1s]3d peak. The area of this peak was deter-
mined by numerical integration.

Results

Co and Zn EXAFS

The Co and Zn EXAFS spectra for the different Co(II)
and Zn(II) reconstituted PDO samples are compared
in Fig. 1 and the Fourier transforms of these data are
compared in Fig. 2. It is clear that the gross structural
features are independent of both the Rieske center oxi-
dation state and the presence or absence of phthalate.
In all cases, there is only one principal peak in the Fou-
rier transform, centered at R c a;1.5 Å. The data are
all of reasonably high quality, although the noise level

is somewhat higher in the Co EXAFS data for the sam-
ples having reduced Rieske clusters.

On closer inspection of Figs. 1 and 2 it is apparent
that the EXAFS spectra for Co-substituted PDO fall
into two categories. The samples with phthalate bound
have lower-frequency EXAFS, corresponding to a
shorter average bond length than those without phthal-
ate. The differences in the EXAFS can be seen most
clearly in the region k p 5–7 Å–1. In contrast to phthal-
ate binding, changes in the oxidation state of the
Rieske cluster have a much smaller effect on the Co
EXAFS. Unlike Co, the EXAFS spectra for all four
Zn-substituted PDO samples are quite similar, al-
though there are, again, minor differences in the region
k p 5–7 Å–1.

The curve-fitting results for these data are given in
Table 2. In all cases, the fits are consistent with the
presence of only low atomic-number scatterers, i.e., ni-
trogen and/or oxygen.2 The spectra could not be fit us-
ing sulfur only, nor was there any significant improve-

2 EXAFS amplitude and phase functions have only a weak de-
pendence on atomic numbers; thus, it is impossible to distinguish
among, for example, C, N, O, and F. Of these, the only reasona-
ble low-atomic number scatterers are N and O



27

Table 2 EXAFS curve fitting results. These results are for unfil-
tered data. Identical structural parameters are obtained for fits of
filtered data, although F is smaller in this case (particularly for
Co, the F decreases ca. twofold for filtered data)

Metal Rieske sitea Phthalateb R Nc s2 d Fe

Co Reduced c 2.02 3 1.9 16.0
Reduced P 2.08 4 3.5 14.5
Oxidized c 2.03 3 3.4 13.2
Oxidized P 2.08 4 5.2 12.4

Zn Reduced c 2.00 4 4.8 9.0
Reduced P 2.02 4 6.9 7.8
Oxidized c 1.99 4 4.4 7.2
Oxidized P 2.00 4 4.6 8.4

Fe Oxidized c 2.06 3 2.3 5.4
Oxidized P 2.10 2 0.4 7.6

a Oxidation state of Rieske [2Fe-2S] cluster: reduced [Fe(II)/
Fe(III)], oxidized [Fe(III)/Fe(III)]
b Sample studied in presence (c) and absence (P) of phthalate
(see text for details)
c Fixed at integer value giving best fit using M-O parameters
d Debye-Waller factor ! 103 in units of Å2

e Root-mean-square relative error defined as:

"A (xobs (k)7k3Pxcalc (k)7k3)2

NP1
[(x (k)7k3)maxP(x (k)7k3)min]P1!100%
where xobs and xcalc are the measured and fitted EXAFS ampli-
tudes, N is the number of data points, and the sum is taken over
all data points. (x (k) k3)max and (x (k) k3)min are the maximum
and minimum values for the weighted experimental EXAFS

Fig. 3 Fourier transforms of the average Zn EXAFS for Zn in
PDO mononuclear site and of the EXAFS for a Zn(His)4

2c mod-
el (see text). PDO data are the average of the three lower-noise
spectra (SSRL data, Table 1). Fourier transform calculated using
k3 weighted data over the range 3–12.5 Å–1.

ment in the fits when a shell of sulfur was added to the
oxygen/nitrogen shell. For all of the EXAFS spectra,
the apparent coordination numbers are surprisingly
low. It is unlikely (see below) that these represent true
coordination numbers of 3–4. It is more likely that the
low apparent coordination numbers reflect disorder in
the mononuclear site EXAFS (i.e., a range of different
bond lengths).

Protein EXAFS spectra are frequently fit using two
shells of scatterers, which are attributed to shorter M-O
bonds and longer M-N bonds [33]. However, neither
the Co nor the Zn EXAFS spectra showed evidence for
two distinguishable shells of scatterers. Although there
was always some improvement in the quality of the fit
when the second shell is added, this improvement was
small and was in no case greater than a factor of two.
When the goodness of fit was normalized to the num-
ber of un-used degrees of freedom [34, 35] (; eight de-
grees of freedom – three (R, N, s) or five (R1, R2, N1/
N2, s1, s2) variable parameters), none of the two-shell
fits were found to be significantly better than a single-
shell fit. Moreover, most of the two-shell fits were char-
acterized either by the disappearance of one of the
shells (Ds2 refines to `0.02 Å2, giving one shell an ex-
tremely small effective amplitude) or by refined bond
lengths that were not resolvable with the current range
of data (i.e., DR~0.15 Å). The only exception to this
behavior was the Co-EXAFS for PDO with a reduced
Rieske cluster and phthalate present. These data

showed fourfold improvement in F (ca. twofold im-
provement in the weighted F) when fit with shells at
2.04 and 2.19 Å. However, these data were the noisiest
of the PDO spectra (see Fig. 1); thus it is unclear
whether the apparent presence of two shells in this case
represents a genuine structural property or merely an
artifact of the high noise level of these data.

Similar conclusions have been reached from linear
analyses of the EXAFS amplitudes and phases [36].
Ratios of the amplitudes for Co-substituted PDO vs.
Co(III)(NH3)6 and for Zn-substituted PDO vs.
Zn(DHB)76H2O were linear, demonstrating that two
EXAFS-resolvable shells of scatterers do not exist in
PDO.

It is important to note that these results do not imply
that all of the metal-ligand distances are identical. The
low apparent coordination number, or, alternatively,
the large s2 for a realistic coordination number, indi-
cated that there must have been a broad distribution of
metal-ligand bond. Similar results have been found in
model compounds that lack two readily distinguishable
shells of scatterers [33, 37].

In favorable cases, EXAFS can provide some infor-
mation regarding outer shells of scatterers. This is par-
ticularly true for rigid ligands such as imidazole, where
EXAFS scattering is detectable both for the shells of
carbons at ca. 3.4 Å and for the C/N shell at ca. 4.2 Å.
The spectra in Fig. 2 show only weak contributions
from outer shell scatterers. These features were at or
near the noise level of the data and were not reproduci-
ble from sample to sample, suggesting that there was no
significant contribution from outer shell scatterers.
Since the first shell bond length was essentially identi-
cal for the Zn-substituted samples, it should be possible
to average the data for these samples in order to de-
crease the noise level and increase the detectability of
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Fig. 4 Calculated Fe mononuclear site EXAFS for PDO. Calcu-
lated as difference of first shell filtered data. Top Oxidized 3Fe –
phthalate protein minus oxidized 2Fe protein, bottom oxidized
3Fe c phthalate protein minus oxidized 2Fe protein. The individ-
ual difference spectra are shown as dashed lines. The average of
the three difference spectra is shown as a solid line

outer shell scattering. The Fourier transform of the av-
erage of the three lowest-noise Zn EXAFS spectra
(spectra measured at SSRL, see Table 1) is shown in
Fig. 3. With the lower noise level of the averaged data,
weak outer shell scattering is now clearly detectable
above the noise. For comparison, Fig. 3 also includes
the Fourier transform for Zn(N-Me-imidazole)4(ClO4)2

[38], a model having four imidazole ligands. The outer
shell amplitude for Zn substituted PDO was roughly
one-half as large as that in the model, suggesting that
there are approximately two imidazole ligands. Consis-
tent with this, fits to the outer shell scattering using
FEFF 6.01a multiple scattering calculations [39] gave
the best fit using approximately two imidazole ligands,
with the balance of the Zn EXAFS modeled by Zn-O
interactions.

Iron difference EXAFS

It is possible to calculate the EXAFS for Fe in the mon-
onuclear site by subtracting the EXAFS for the Rieske
site from the EXAFS for the native, 3-Fe protein. We
have shown previously that the EXAFS for the Rieske
site is independent of the occupancy of the mononu-
clear site and depends only on the oxidation state of
the Rieske cluster [21]. Since several different mea-
sured spectra are available for the Rieske cluster, it is
possible to calculate several different estimates of the
mononuclear Fe EXAFS. In principle, these should be
identical. In practice, the differences in the calculated
mononuclear site spectra provide a measure of the un-
certainty in the difference calculation.

Difference Fe EXAFS spectra were calculated for
the oxidized 3-Fe protein without phthalate minus ox-
idized 2-Fe protein and for the oxidized 3-Fe protein

with phthalate minus oxidized 2-Fe protein. Reference
spectra for the oxidized Rieske cluster were taken from
data for the 2-Fe protein cZn c phthalate, the 2-Fe
protein c phthalate, and the 2-Fe c Zn samples, giv-
ing a total of six difference spectra. All differences were
calculated using the filtered first-shell data. As shown
in Fig. 4, the calculated mononuclear Fe site spectra
were all very similar for k^8 Å–1, but showed signifi-
cant differences at higher k. These differences reflected
the fact that the mononuclear site, which contains pri-
marily low Z ligands, contributed relatively little to the
high-k EXAFS in comparison with the contributions
from Fe-S and Fe-Fe scattering in the Rieske cluster.
The results of single-shell fits to the difference EXAFS
data are given in Table 2. The general trend was the
same as for the Co-substituted enzyme, with addition of
phthalate causing a decrease in the average Fe-ligand
bond length. In view of the high noise level of these
data, no attempt was made to fit the difference EXAFS
spectra with multiple shells of scatterers.

XANES spectra

The normalized XANES spectra are compared in
Fig. 5. The general observations were similar to those
from the EXAFS. All of the spectra for the Zn-substi-
tuted samples were quite similar. The greatest variation
was observed for the spectrum for the reduced enzyme
without phthalate, where all of the features were
broader and less well resolved, particularly in the re-
gion 10–20 eV above the edge. This was most likely due
to the fact that this spectrum was measured under
somewhat lower energy resolution conditions than
were used for the other 3 Zn XANES spectra. The
spectra for the Co-substituted samples showed clear
differences between the phthalate-free and the phthal-
ate-bound forms of the enzyme. In the presence of
phthalate, the main transition at 7725 eV (0 eV in
Fig. 5) was more intense. In the absence of phthalate,
the main transition was weaker and two new shoulders
appeared at ca. 7717 and 7735 eV (–8 and c10 eV in
Fig. 5). The former is shown more clearly in the first
derivative spectra in Fig. 6.

In addition to the large, phthalate-dependent
changes, there were small spectral differences, particu-
larly in the height of the main peak, that depend on the
oxidation state of the Rieske cluster. These differences
can be seen as the small increase in slope for the re-
duced enzyme (Fig. 6) or as the tabulated peak heights
(Table 3). These oxidation state-dependent differences,
although small, appeared to be real, since (1) they were
reproducible for spectra measured using different sam-
ples at different times with different instruments, and
(2) the oxidation state of the Rieske cluster had a simi-
lar effect on both the Co and the Zn spectra.

The mononuclear Fe XANES spectra, calculated by
difference, are also shown in Fig. 5. There was substan-
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Fig. 5 Normalized XANES spectra for PDO. Top Zn, middle Co,
bottom Fe (calculated by difference, see text). For each pair of
spectra, the solid line is enzyme c phthalate, the dashed line is
enzyme–phthalate. Oxidized and reduced refer to the oxidation
state of the Rieske cluster. Spectra are plotted on same scale and
offset vertically for clarity. Horizontal offsets are –9668 eV (Zn),
–7725 eV (Co) and –7126 eV (Fe)

Fig. 6 First derivative with respect to energy of normalized Co
XANES spectra of PDO. Top two traces (offset vertically by
c30) are for enzyme–phthalate; bottom two are for enzyme c
phthalate. For each pair of spectra, the solid line is with the
Rieske cluster oxidized, the dashed line with the Rieske cluster
reduced

Table 3 Co XANES spectra

Rieske
clustera

Phthalateb 1s]3d areac Principal
maximumd

Reduced P 5.8 540.5
Oxidized P 7.7 526.7
Reduced c 8.9 495.6
Oxidized c 10.9 483.5

a Oxidation state of Rieske cluster: reduced [Fe(II)/Fe(III)], oxid-
ized [Fe(III)/Fe(III)]
b Spectra measured in presence (c) and absence (P) of phthal-
ate (see text for details)
c Area determined as described in text in units of eV!10P2; nor-
malized to an edge jump of 1.00
d Height of principal maximum in normalized XANES spectrum;
spectra normalized to an edge jump from 0.0 to 331 cm2/g for
Co

tial uncertainty in the calculated Fe XANES spectra, as
evidenced by the unusual appearance of the 1s]3d
transition in the calculated spectra. The difference cal-
culation was particularly difficult for the phthalate-free
enzyme, since the energy resolution for the 3-Fe spec-
trum (measured at NSLS) was worse than that for the
Rieske-only spectra. Despite these uncertainties, the
qualitative trends in the Fe XANES spectra appeared
to resemble those observed for the Co XANES spectra.
The calculated Fe XANES spectra for the enzyme c
phthalate, which should have been the most reliable,
were quite similar to those observed for both Co and
Zn PDO c phthalate.

1s]3d transition

The areas of the isolated 1s]3d transitions for the four
Co spectra are given in Table 3. The difference calcula-
tions for the mononuclear Fe site were too sensitive to
minor differences in normalization to give reliable esti-
mates of the Fe 1s]3d areas. This reflects both the
presence of half as many mononuclear Fe atoms as

Rieske Fe atoms and the fact that the 1s]3d transition
for the mononuclear site is much weaker than that for
the pseudo-tetrahedral Rieske cluster.

Discussion

Mononuclear site ligation

An inherent difficulty in using EXAFS to study PDO is
the presence of multiple iron sites, which prevents di-
rect measurement of the mononuclear site EXAFS for
the intact 3-Fe protein. The availability of numerous
well-characterized mononuclear site derivatives for
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PDO provides two possible solutions to this problem.
For derivatives having a metal different from Fe in the
mononuclear site, it is possible to probe the mononu-
clear site structure directly. This approach suffers from
the difficulty that the structure determined may not be
the same as the structure of the native mononuclear
site. The alternative approach of calculating difference
spectra is certain to give structural information relevant
to the native mononuclear site. However, this method
suffers from an inherently greater sensitivity to noise.
Fortunately, in the case of PDO the two approaches
yield the same result. In all cases, the data are well
modeled using a single shell of low-Z scatterers with no
evidence for the presence of high-Z scatterers. Al-
though it is possible for ligands to be present in the first
coordination sphere and not detectable by EXAFS,
such ligands are generally distant and weakly bound
[40]. In contrast, thiolate ligation, e.g., that in cytoch-
rome P-450, is readily detectable by EXAFS [41]. We
conclude, therefore, that the mononuclear site in PDO
does not have a tightly bound sulfur ligand.

Coordination numbers are not well defined in EX-
AFS due to the high degree of correlation between
coordination number (N) and Debye-Waller factor
(s2). The apparent coordination numbers of approxi-
mately four (Table 2) are best regarded as the lower
limits of the true coordination number, since a broad
range of metal-ligand distances can lead to an underes-
timate of the coordination number [33, 37]. The appar-
ent coordination numbers in Table 2 suggest that there
is a decrease in coordination number when phthalate
binds to the Co-substituted enzyme, but not when it
binds to the Zn-substituted enzyme.

In order to define more completely the mononuclear
site structure, we compared the average metal-ligand
bond lengths as determined by EXAFS with the bond
lengths found in crystallographically characterized Zn
and Co complexes. It is well known that, for a given
metal, metal-nitrogen bond lengths are, on average,
longer than metal-oxygen bond lengths, and that 6-
coordinate metal ions have larger radii than 5-coordi-
nate metal ions [42]. Since the mononuclear-site metal
is divalent, bond-valence-sum calculations [43, 44] can
be used to characterize the ligation.

Zinc site EXAFS

The observed EXAFS bond lengths for the Zn site are
too short to be consistent with a 6-coordinate structure,
since a 6-coordinate Zn(II) is expected to have an aver-
age bond length 62.1 Å [43, 44]. The observed bond
lengths are consistent either with a 5-coordinate struc-
ture having primarily oxygen ligation or with a 4-coor-
dinate structure having primarily nitrogen ligation. A
4-coordinate site would be consistent with the apparent
Zn EXAFS coordination numbers (Table 2). However,
a 4-coordinate site is inconsistent with the observed Co

1s]3d intensity (see below). The EXAFS bond lengths
are, therefore, most consistent with a 5-coordinate Zn
site having substantial oxygen ligation. The EXAFS
Zn-O distances point to a ZnO5 site (predicted
R̄ZnPO p 2.04 Å). However, given the accuracy of EX-
AFS bond lengths (;B0.02 Å) and the uncertainties in
bond-valence-sum calculations, it is not possible to rule
out the presence of one or two nitrogen ligands.

The absence of strong outer shell EXAFS confirms
that the Zn site is not coordinated primarily to imida-
zole ligands. These would be expected to give rise to
Zn777C EXAFS at ca. 3.4 Å and 4.2 Å [45]. The outer
shell EXAFS would be consistent with a small number
of imidazole ligands (one or two), or with non-imida-
zole nitrogen ligation. Ligation by phenoxide, alkoxide,
or carboxylate ligands from amino acid side-chains
would be consistent with the EXAFS data. Based on
sequence similarities [46] there appear to be several
conserved tyrosines which might serve as ligands to the
Fe. In addition, one or more water (or hydroxide) li-
gands may be coordinated. All of these possibilities
would be consistent with the absence of intense outer
shell EXAFS. However, the absence of phenolate ]
metal charge transfer transitions and the stabilization
of the Fe in the ferrous oxidation state are probably
inconsistent with tyrosine ligation.

Additional insight into the mononuclear site struc-
ture comes from the fact that when Cu is substituted at
this site, the Cu EPR spectrum shows ligand hyperfine
structure indicative of two or three histidine ligands
(W.R. Dunham, personal communication), which are
thus available for coordination to metals in the site. A
working structural model consistent with the Zn-ligand
bond lengths, the weak outer shell EXAFS, and the Cu
EPR is a ZnO3-4(Imid)2-1 structure, where the oxygen-
containing ligands are most likely alkoxide, carboxylate
or water (hydroxide).

Cobalt site EXAFS

In contrast with the Zn bond lengths, the Co-(O, N)
bond lengths are different for the four different forms
of PDO. In the presence of phthalate, the EXAFS
bond lengths (2.03 Å) are consistent with a 5-coordi-
nate site. As with Zn, there is no EXAFS evidence for
a change in cobalt-ligand structure when the Rieske
cluster is oxidized or reduced. This result is expected,
since the Rieske cluster is probably 610 Å from the
mononuclear site. In the absence of phthalate, the EX-
AFS bond lengths are greater (2.08 Å), although again
they show no dependence on the oxidation state of the
Rieske cluster. The predicted [43, 44] average first-shell
bond lengths in Co(II) complexes are 2.03–2.10 Å for
5-coordinate complexes (CoO5 and CoN5, respectively)
and 2.10–2.17 Å for 6-coordinate complexes. The EX-
AFS bond lengths are thus most consistent with a 5-
coordinate site in the presence of phthalate and either a
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3 The notable exception to this rule is 4-coordinate complexes,
where a change from square planar to tetrahedral gives a ca. sev-
enfold increase in 1s]3d intensity. For 5- and 6-coordinate com-
plexes, such as those found in PDO, geometric distortions have a
much smaller effect on 1s]3d intensity

6-coordinate site or with a mixture of 5- and 6-coordi-
nate sites in the absence of phthalate. Once again, the
average bond lengths suggest that there are relatively
few nitrogen ligands.

In principle, the observed 0.05–0.06 Å increase in
average first-shell bond length could be caused by a
major change in coordination environment; for exam-
ple, addition of a sulfur ligand or a change from CoO5

to CoN5 ligation. The former is inconsistent with the
fact that the data are best fit with a single shell of low-Z
ligands. The latter, while consistent with the EXAFS, is
chemically unrealistic. The simplest interpretation is
that phthalate binding causes the displacement of a co-
balt ligand, thus converting a 6-coordinate site into a
5-coordinate site. This interpretation is supported by
the Co XANES data.

XANES spectra

The 1s]3d transition is forbidden according to dipole
selection rules. Nevertheless, due to weak quadrupolar
coupling [47], it is always observed for metals having
vacancies in the 3d shell. The 1s]3d intensity is drama-
tically enhanced in non-centrosymmetric complexes as
a result of 3d c 4p orbital mixing [48]. The amount of
3d c 4p mixing depends on the precise geometry of the
complex. However, for most complexes the geometry is
determined primarily by coordination number,3 and it
is thus possible to use 1s]3d intensities to infer coordi-
nation number. Roe et al. [49] used this correlation to
assign coordination numbers in Fe(III) complexes.
They found that for Fe(III) complexes, the normalized
1s]3d areas (in units of eV!10–2) were 6–9 for 6-coor-
dinate complexes, 12–19 for 5-coordinate complexes
and 23–25 for tetrahedral 4-coordinate complexes. The
increase in the Co(II) 1s]3d area when phthalate is
bound (Table 3) is consistent with a decrease in coordi-
nation number, in agreement with the EXAFS results.

In the absence of a database of Co(II) XANES spec-
tra, it is difficult to correlate the areas in Table 3 with
specific coordination numbers. As an approximation,
we assume that the ratio of the 1s]3d area for Co(II)
to that for Fe(III) depends only on the number of d-
vacancies. Although simplistic, this model predicts ar-
eas (6-coordinate p 3.6–5.4; 5-coordinate p 7.2–11.5;
4-coordinate p 13.8–15.0) which are consistent with
those observed for authentic 6-coordinate complexes
(data not shown). Using these areas, the Co site ap-
pears to go from a 6-coordinate geometry for PDO hav-
ing a reduced Rieske cluster with no phthalate bound
to a 5-coordinate geometry for PDO having an oxidized
Rieske cluster with phthalate bound.

The limitations of this simple model are illustrated
by the fact that the oxidized/minus phthalate and re-
duced/plus phthalate spectra have intermediate 1s]3d
intensities. Thus, if we were to rely on 1s]3d intensity
alone, the coordination number would appear to de-
crease gradually from 6 to 5 as the Rieske cluster is ox-
idized and phthalate is bound. In contrast, the EXAFS
bond lengths indicate a change from 6- to 5-coordinate
when phthalate binds, with no dependence on Rieske
cluster oxidation state. The most likely resolution of
this conundrum lies in the fact that the 1s]3d intensity
reflects both coordination number and geometry, while
the average bond length depends primarily on coordi-
nation number. A variety of evidence (EPR, reactivity
with O2, redox potentials) indicates that there are inter-
actions between the Rieske and the mononuclear sites
[50], and thus it is reasonable to propose that these in-
teractions might affect the geometry of the mononu-
clear site.

In this model, oxidation of the Rieske cluster causes
a distortion in the mononuclear site, with a correspond-
ing increase in 1s]3d area by ca. 2!10–2 eV, but with
no significant change in average bond length. Binding
of phthalate causes a decrease in coordination number
from 6 to 5, with a corresponding increase in 1s]3d
area of ca. 3!10–2 eV. If this model is correct, the min-
imal ranges for Co(II) 1s]3d areas are
5.8–7.7!10–2 eV for 6-coordinate complexes and
8.9–10.9!10–2 eV for 5-coordinate complexes. Addi-
tional model studies are necessary to test this predic-
tion.

Regardless of their interpretation, the 1s]3d inten-
sities clearly demonstrate that the mononuclear site is
perturbed both by the binding of substrate and by the
oxidation state of the Rieske cluster. The latter obser-
vation is important, since it provides further support for
the conclusion that the mononuclear site “senses” the
oxidation state of the Rieske cluster. Kinetic studies
have shown that electron transfer from phthalate oxy-
genase reductase to the Rieske center of PDO is greatly
enhanced (1000-fold) when the mononuclear site con-
tains both Fe(II) and substrate [50]. Our finding that
the structure of the mononuclear site depends on
Rieske cluster oxidation state suggests a structural basis
for the kinetic results.

The higher energy XANES features are more diffi-
cult to interpret than the 1s]3d intensities; however,
they are useful as “fingerprints” of particular struc-
tures. In this context, it is noteworthy that all of the
PDO XANES spectra (Fig. 5) are characterized by a
single relatively narrow principal maximum and all lack
the intense higher-energy multiple-scattering features
observed for Zn(II) and Co(II) imidazole complexes
[51]. This is consistent with our conclusion that there
are relatively few imidazole ligands. The Co XANES
features mirror the sample dependence of the 1s]3d
transition. The dominant effect is a decrease in the
principal maximum at 7725 eV (0 eV in Fig. 5). This is
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4 The principal maximum is a continuum shape-resonance. It be-
comes narrower and more intense as the number of scatterers and
the absorber-scatterer distance increase

consistent with the changes expected on going from a 6-
to a 5-coordinate site [52].4

As noted before, the features at 7717 and 7735 (–8
and c10 eV in Fig. 5) also change on phthalate bind-
ing. The 7735 eV feature is a continuum resonance, and
difficult to interpret quantitatively. In contrast, the
7717 eV feature most likely represents a bound-state
transition. Studies of Cu [53, 54] and Ni [55] complexes
have identified analogous shoulders on the rising edge
that are attributed to a 1s]4p c shake-down transi-
tion. The intensity of such a transition is expected to
increase on going from a pseudo-octahedral site to a
5-coordinate (e.g., square-pyramidal) site. In addition,
the Co XANES spectra provide further evidence for a
small structural rearrangement when the Rieske cluster
is reduced. Both in the presence and in the absence of
phthalate, there is a small increase in the height of the
principal maximum when the Rieske cluster is reduced.
The effect is much smaller than that seen when phthal-
ate is added or removed; however, it is consistent with
the conclusion, based on 1s]3d intensities, that the co-
balt structure is slightly perturbed by the Rieske cluster
oxidation state.

An advantage of the higher-energy XANES features
over the 1s]3d transition is that they can be used to
study Zn. The Zn XANES spectra all have approxi-
mately the same height for the principal maximum.
This is consistent with the lack of change in the Zn
coordination number that was indicated by the EXAFS
bond lengths. Moreover, all of the Zn XANES spectra
exhibit the high-energy shoulder seen for the Co
XANES spectra in the presence of phthalate. This is
consistent with the proposal that the Zn samples and
the Co c phthalate samples all contain a 5-coordinate
metal site. The related 1s]4p c shake-down transition
is not expected for the d10 Zn(II) ion. There are small
changes in the XANES spectra depending on the
Rieske cluster oxidation state. These suggest that the
Rieske cluster oxidation state may cause small changes
in the Zn-substituted mononuclear site similar to those
proposed for the Co-substituted mononuclear site.
However, for Zn, these changes are too small to inter-
pret reliably.

The Zn and Co EXAFS and XANES data thus pres-
ent a consistent picture of a metal site having mixed
oxygen/nitrogen ligation. For Co, the site can be either
5- or 6- coordinate, depending on whether phthalate is
bound. In contrast, the Zn site appears to be always 5-
coordinate. This is consistent with the fact that the li-
gand-field stabilization energy for Co(II) will tend to
favor higher coordination numbers, while for Zn the
coordination number will be determined by other fac-
tors, such as steric repulsion. This difference in coordi-
nation number is similar to that observed by Yachan-

dra et al. [51] for carbonic anhydrase. In that case, the
native (Zn) protein had a 4-coordinate site while the
Co-reconstituted enzyme adopted either 4- or 5-coordi-
nate structures, depending on the pH.

To the extent that the Zn/Co differences are gov-
erned by ligand-field stabilization energy, the native Fe
site should behave similarly to the Co-substituted site.
The Fe mononuclear site XANES spectra calculated by
difference (Fig. 5) are consistent with this. In the ab-
sence of phthalate, the principal maximum is narrower
and more intense than in the presence of phthalate, as
expected for 6- and 5-coordinate sites, respectively.
This, together with the EXAFS bond lengths (Table 2),
suggests that the Fe site shows the same structural per-
turbations that are observed for the Co site. This is con-
sistent with the recent observation of phthalate-de-
pendent changes in the mononuclear site electronic
structure, as reflected in the MCD spectra [56]. The lat-
ter were interpreted in terms of a 6- to 5-coordinate
change. The present results provide direct structural
data supporting this model.

Structural implications

The EXAFS and XANES data suggest that there is a
decrease in coordination number on substrate binding.
One possibility is that a protein ligand is displaced. An
alternative is that phthalate binding at the active site
alters the hydrophobicity of the mononuclear site envi-
ronment, leading to loss of a bound water or a hydrox-
ide ligand. This could happen, for example, if phthalate
is bound with the 4,5-hydrogens (the location of hy-
droxylation) close to the Fe(II). Regardless of what li-
gand is lost, the change from 6- to 5-coordination frees
a site for oxygen binding. In this regard, our proposed
mechanism is reminiscent of the structural changes ob-
served for cytochrome P-450 on substrate binding [57].
Our mechanism does not address the structural change
that seems to occur when the Rieske site is reduced,
since the present data only show that some change oc-
curs, but do not indicate the nature of the change. This
question, together with a detailed characterization of
the Fe(II)-phthalate interaction, is the subject of ongo-
ing investigations.

Conclusions

The mononuclear site in PDO appears to have only
low-Z (N,O) ligation. The relatively short EXAFS
bond lengths and the very weak outer shell EXAFS
features are most consistent with two or fewer imida-
zole ligands. The coordination number for Zn(II) is al-
ways 5, while for Co(II) and Fe(II), the coordination
number is either 6 (in the absence of phthalate) or 5 (in
the presence of phthalate). In addition to phthalate, the
mononuclear site is also sensitive to the oxidation state
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of the Rieske cluster. These results provide the first di-
rect structural characterization of the mononuclear site
and suggest some details of a possible mechanism by
which the mononuclear site activates oxygen for inser-
tion into phthalate.
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