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ABSTRACT: Molybdate and tungstate are strong inhibitors of the purple acid phosphatases. The binding
modes of these anions to the FeZn derivative of uteroferrin, the purple acid phosphatase from porcine
uterus (FeZnUf), have been characterized by X-ray absorption spectroscopy at both the iron and zinc
K-edges. Pre-edge data show that both FeZnUf‚MoO4 and FeZnUf‚WO4 have six-coordinate iron sites.
Analysis of the EXAFS regions shows that the iron sites of both molybdate and tungstate complexes are
best simulated by a shell of three O or N atoms at 2.08-2.09 Å and a shell of two O or N atoms at
1.93-1.95 Å. On the other hand, the zinc sites have shells of five O or N atoms at∼ 2.1 Å and one O
or N atom at∼ 2.5 Å. Because of the higher resolution of the FeZnUf‚MoO4 data, the main shell at
∼2.1 Å can be further split into shells of four O or N at 2.04 Å and one O or N at 2.22 Å, the latter being
associated with a molybdate oxygen. Outer-sphere EXAFS analysis indicates an Fe-Zn separation of
∼3.4 Å for both FeZnUf‚MoO4 and FeZnUf‚WO4, Fe-Mo/W distances of 3.2 Å, and Zn-Mo/W distances
of 3.6-3.7 Å. Thus, molybdate and tungstate bridge the FeZn active site like phosphate, but do so
unsymmetrically. The asymmetric bidentate bridging mode of molybdate and tungstate helps explain the
effect of these anions on the redox properties of the diiron uteroferrin.

Purple acid phosphatases (PAPs)1 belong to a class of
metallohydrolases containing bimetallic active sites (1) that
catalyze the hydrolysis of phosphate esters in vitro and
contain a (µ-hydroxo)(µ,η1-aspartato)dimetal active site
(Figure 1) (2,3) similar to those found for protein phosphatase
1 (PP-1) (4, 5) and protein phosphatase 2B (calcineurin) (6,
7). Furthermore, there is strong amino acid sequence
homology between PAPs and PPs in their catalytic regions
(8). These observations have led to a hypothesis that PAPs
and PPs may have similar functions in vivo. It is well-known
that PPs play key roles in signal transduction in eukaryotic
organisms (9). PP-1 is the major phosphatase that regulates
glycogen metabolism in response to insulin and adrenalin
(10). PP2B or calcineurin is essential in T-cell activation
and a common target of two immunosuppressive drugs,
cyclosporin A and FK506 (11).
The crystal structure of kidney bean PAP (KBPAP) at pH

5 shows an active site with an Fe(III)Zn(II) center bridged

by a monodentate aspartate and presumably a hydroxide
(Figure 1), resulting in an Fe-Zn separation of 3.26 Å (2,
3). The Fe(III) site is terminally coordinated by a tyrosine,
histidine, and monodentate aspartate, while the Zn(II) site
is terminally coordinated by two histidines and an asparagine.
The Fe(III)Fe(II) active sites of Uf and other mammalian
PAPs are believed to be similar to that of KBPAP, because
all metal ligands are conserved between KBPAP and the
mammalian PAPs (12). In addition, the Fe(II) site in the
mammalian PAPs can be replaced by Zn(II) without loss of
activity (13, 14), while KBPAP can be converted to an active
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FIGURE 1: KBPAP active site (adapted from ref3).
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Fe(III)Fe(II) form with spectroscopic properties very similar
to those of the mammalian PAPs (15, 16).
Phosphate, the product, and other tetraoxo anions are

inhibitors of both Uf and FeZnUf (17). Phosphate and
arsenate are weak competitive inhibitors with millimolarKi

values. Phosphate has been found to act as a bidentate bridge
between the two metal centers according to an EXAFS
analysis of FeZnUf‚PO4 (18) and a crystallographic study
of KBPAP‚PO4 (3). In contrast, molybdate and tungstate
are potent competitive inhibitors withKi values in the
micromolar range (17). Molybdate also affects the properties
of the dinuclear centers of Uf and FeZnUf in a manner very
different from that of phosphate and arsenate. While
phosphate and arsenate engender EPR spectra of rhombic
symmetry, molybdate gives rise to axial EPR signals (19).
More interestingly, phosphate and arsenate shift the redox
potential of Uf to a more negative value, while molybdate
shifts the potential to a more positive value (20), in line with
the different susceptibilities of Uf to aerobic oxidation in
the presence of these anions (17). Recent CD and MCD
studies on uteroferrin-anion complexes also show that
molybdate affects the dinuclear active site in a manner
different from that of phosphate (21). On the basis of these
biochemical, spectroscopic, and electrochemical results,
molybdate and tungstate very likely interact with the di-
nuclear center in a mode different from that of phosphate
and arsenate. This notion is contradicted by the crystal
structure of the KBPAP-tungstate complex which shows
an active site nearly identical to that of the KBPAP-
phosphate complex (3). Here we report the use of X-ray
absorption spectroscopy in studying the dinuclear centers of
FeZnUf‚MoO4 and FeZnUf‚WO4 and elucidate the mode of
molybdate and tungstate binding. These data allow a
comparison among the molybdate, tungstate, and phosphate
complexes of FeZnUf and provide insight into how they
interact differently with the dinuclear center of the enzyme.

EXPERIMENTAL PROCEDURES

Steady-State Kinetic Studies.Uteroferrin was isolated and
purified according to literature procedures (22, 23). FeZnUf
was then reconstituted (24), and metal analysis gave values
of 1.0 ( 0.1 Fe and 1.0( 0.1 Zn atoms per molecule.
FeZnUf was fully active as native uteroferrin with a specific
activity of about 350 units/mg (withp-nitrophenyl phosphate
as the substrate and the release ofp-nitrophenol being
measured at 390 nm).Ki values were determined from
steady-state Michaelis-Menten enzyme kinetics studies and
extracted from fits to Lineweaver-Burke plots of the data.
Buffers used for the pH dependence studies were as
follows: 0.1 M acetate/0.2 M NaCl (pH 4-5.5), 0.1 M
imidazole/0.2 M NaCl (pH 6-6.5), and 0.1 M Tris-HCl/0.2
M NaCl (pH 7-7.5).
X-ray Absorption Spectroscopy.Samples of FeZnUf‚MoO4

and FeZnUf‚WO4 were prepared by respectively adding 1.1
equiv of molybdate and tungstate to the concentrated FeZnUf
solution in acetate buffer at pH 4.9. EPR spectra of the
FeZnUf‚MoO4 and FeZnUf‚WO4 samples verified the ab-
sence of free FeZnUf as well as the absence of diiron Uf.
The XAS samples were diluted with glycerol (20 vol %) to
prevent ice crystal formation when the samples were frozen
in gold-plated copper sample holders.

X-ray absorption data at both the iron and zinc K-edges
of FeZnUf‚MoO4 and FeZnUf‚WO4 were collected at Beam-
line X9 of the National Synchrotron Light Source (NSLS)
at Brookhaven National Laboratory. The X-ray absorption
spectra at the iron K-edge were collected between 6.95 and
8.0 keV, and the monochromator was calibrated using the
edge energy of iron foil at 7113.6 eV. The Zn-edge spectra
were collected between 9.46 and 10.35 keV, and the
monochromator was calibrated using the edge energy of zinc
foil at 9662.0 eV. XAS data were obtained in the fluores-
cence mode from protein samples frozen at 77 K. TheAexp
(Cf/Co) was determined from an incident (Co) ionization
detector and a final fluorescence (Cf) detector, which was a
13-element Ge solid-state detector (Canberra).
The treatment of raw EXAFS data which yieldsø is

discussed in detail in review articles (25, 26). A modification
of the EXAPLT program was employed to extractø from
Aexp by using a cubic spline function, including preliminary
baseline correction and correction of fluorescence data for
thickness effects and detector response (27). The refinements
reported were onk3ø data, and the function minimized was
R) [∑k6(øc - ø)2/N]1/2, where the sum is overN data points
between 2 and 15 Å-1.
Single-scattering EXAFS theory allows the total EXAFS

spectrum to be described as the sum of shells of separately
modeled atoms

wheren is the number of atoms in the shell,k ) [8π2me(E
- E0 + ∆E)/h2]1/2, andσ2 is the Debye-Waller factor (27).
The amplitude reduction factor (A) and the shell-specific edge
shift (∆E) are empirical parameters that partially compensate
for imperfections in the theoretical amplitude and phase
functions (28). Phase and amplitude functions were theoreti-
cally calculated using a curved-wave formalism (29). A
variation of FABM (fine adjustment based on models) was
used here in the analysis procedure with theoretical phase
and amplitude functions (30). In each shell, two parameters
were refined at one time (r andn or σ2), while A and∆E
values were determined by using a series of crystallographi-
cally characterized model complexes. The fitting results
indicate the average metal-ligand distances, the type and
number of scatterers, and the Debye-Waller factors which
can be used to evaluate the distribution of Fe- or Zn-ligand
bond lengths in each shell. The EXAFS goodness of fit
criterion applied here is

as recommended by the International Committee on Stan-
dards and Criteria in EXAFS (31, 32), whereν is the number
of degrees of freedom calculated asν ) Nidp - Nvar, Nidp is
the number of independent data points, andNvar is the number
of variables that are refined.Nidp is calculated with the
equationNidp ) 2∆k∆R/π + 2 (33). The use ofε2 as the
criterion for the goodness of fit allows us to compare fits
using different numbers of variable parameters.
The pre-edge areas were calculated by subtracting an

arctangent function from the data and normalizing with
respect to the edge jump height. The background function
was determined by a least-squares fit of an arctangent

øc ) ∑nA[f(k)k-1r-2 exp(-2σ2k2) sin[2kr + R(k)]]

ε
2) [(Nidp/ν)∑(øc - ø)2/σ2]/N
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together with a first-order polynomial to the data below the
inflection point to the edge (34). The edge jump was
determined by fitting a first-order polynomial to the data.
The pre-edge area after the background subtraction was
obtained by integrating over a range of about 8 eV. This
range centered on the peak, and any residual background
function was interpolated over that range. The difference
between the two lines at the inflection point was used as the
normalization factor for the pre-edge area.

RESULTS

pH Dependence of Ki. Phosphate and molybdate are both
competitive inhibitors of Uf and FeZnUf (17). However,
their affinities for the active site differ by 3 orders of
magnitude. To gain further insight into these interactions,
we have measured theKi values of molybdate and phosphate
at different pHs (Table 1 and Figure 2). We confirm that
the inhibition behavior of both phosphate and molybdate are
competitive at all pH values studied. The binding affinities
of molybdate and phosphate for FeZnUf both decrease as
the pH increases. Two apparent pK values, 5.5 and 7.0, can
be derived from Figure 2 for both molybdate and phosphate.
These two pKs most likely are associated with two conserved
histidine residues in the active site that interact with the
anions by hydrogen bonds as demonstrated in the crystal
structures of KBPAP‚PO4 and KBPAP‚WO4 (3).

Pre-Edge Data. XANES studies and molecular orbital
calculations on iron model compounds have demonstrated
that the intensity of the 1sf 3d pre-edge feature relative to
the edge jump can be correlated with the metal coordination
geometry (34, 35). In general, the pre-edge peak intensity
increases as the metal coordination environment deviates
from inversion symmetry, and therefore,I tetrahedral> I5-coord

> Ioctahedral. From the pre-edge database for Fe(III) com-
plexes, tetrahedral complexes have pre-edge peak areas
ranging from 23 to 25 units, five-coordinate complexes from
12 to 19 units, and six- or seven-coordinate complexes from
6 to 9 units (34).
The positions of the Fe K-edges of FeZnUf‚MoO4 and

FeZnUf‚WO4 (7124.1 and 7124.3 eV, respectively) are
consistent with the iron being in the+3 oxidation state. The
1sf 3d pre-edge areas for FeZnUf‚MoO4 and FeZnUf‚WO4

are 7.9 and 8.8 units, respectively, as shown in Figure 3.
These values are consistent with those found for six-
coordinate mononuclear iron(III) complexes. Thus, the Fe-
(III) sites of both FeZnUf‚MoO4 and FeZnUf‚WO4 are six-
coordinate.
First-Sphere EXAFS Analysis. The rawk3ø EXAFS data

at both Fe and Zn K-edges for FeZnUf‚MoO4 and FeZnUf‚
WO4 are presented in Figure 4. Because the L-edge of
tungsten is only∼1 keV higher than the K-edge of zinc, the
Zn K-edge data for FeZnUf‚WO4 could only be collected
10.5 Å-1 beyond its K-edge without interference from the
tungsten L-edge absorption and is thus of more limited
resolution.
The first-sphere simulation results for the iron K-edge data

are summarized in Table 2. An average first-shell coordina-
tion of five or six O or N at 2.02 Å for both FeZnUf‚MoO4

and FeZnUf‚WO4 is found, suggesting that the first-shell
coordination environments of the iron sites in FeZnUf‚MoO4

and FeZnUf‚WO4 are very similar. In addition, this can be
split into two subshells of scatterers at ca. 1.9 and 2.1 Å,
and the two-shell fits affordε2 values considerably smaller

Table 1: pH Dependence ofKi for Synthesis of Molybdate and
Phosphate with FeZnUf

pH Ki(molybdate) (µM) Ki(phosphate) (mM)

4.0 1.8 2.0
4.5 2.1 2.2
4.9 2.4 3.6
5.5 15 4.6
6.0 18 5.2
6.5 120 11
7.0 630 27
7.5 1100 35

FIGURE 2: pH dependence ofKi values for phosphate (×) and
molybdate (b) inhibition of FeZnUf.

FIGURE 3: Fe K-edge XANES spectra of FeZnUf‚MoO4 (s) and
FeZnUf‚WO4 (- - -). The inset is a magnification of the 1sf 3d
pre-edge transition.
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than those of the one-shell fits. The best fit consists of two
shells of two O or N at 1.93-1.95 Å and three O or N at
2.08-2.09 Å (fits D and D′ in Table 2).
Similar to the iron K-edge data, the zinc K-edge data for

both FeZnUf‚MoO4 and FeZnUf‚WO4 can be simulated with
a single shell of scatterers at 2.07-2.08 Å but with fairly
largeε2 values (Table 3). The inclusion of a low-Z scatterer
at ca. 2.5 Å makes a notable improvement inε2 to the fits
of both FeZnUf‚MoO4 and FeZnUf‚WO4, as observed in
previous EXAFS studies of FeZnUf and FeZnUf‚PO4 (18).
Furthermore, the higher-resolution data of FeZnUf‚MoO4

make it possible to split the main shell at 2.07 Å into two
subshells of four O or N at 2.04 Å and one O or N at 2.22
Å, decreasing theε2 value by more than 3-fold (fit F in Table
3 and Figure 5) compared to those of the two-shell fits (fits
C-E in Table 3).
Outer-Sphere EXAFS Analysis.The Fourier transforms

of the filtered k3ø EXAFS data are shown in Figure 6.
Compared to those of FeZnUf‚PO4 (18), the second-sphere
features in the Fe K-edge spectra of both FeZnUf‚MoO4 and

FeZnUf‚WO4 are stronger; particularly prominent is a feature
aroundR′ ) 3.0 Å in the tungstate complex. The inclusion
of a Zn scatterer at 3.4 Å significantly decreases theε2 value
(fit A in Table 4), as does the introduction of a Mo scatterer
at 3.2 Å for the FeZnUf‚MoO4 Fe K-edge fits (fit B in Table
4). This is consistent with previous ESEEM studies on Ufr‚
MoO4, which indicate that molybdate is directly coordinated
to the dinuclear center (36). The best fit for FeZnUf‚MoO4

consists of a Zn scatterer at 3.43 Å and a Mo scatterer at
3.19 Å (fit E in Table 4). An alternative fit with a Zn shell
at∼3.4 Å and a C shell at∼3.0 Å was attempted, but theε2

value of the fit was too high to be reasonable and the Debye-
Waller factor for the C shell was negative (fit D in Table
4). Similarly, the best fit for FeZnUf‚WO4 requires a Zn
scatterer at 3.41 Å and a W scatterer at 3.21 Å (fit E′ in
Table 4). While the alternative fit with a Zn scatterer at 3.4
Å and a C scatterer at 3.0 Å affords a slightly smallerε2

value, the Debye-Waller factors for both Zn (0.002) and C
shells (0.0002) are much too small to be reasonable for such
long distances.

FIGURE 4: Raw EXAFS data (k3ø) obtained for Fe and Zn K-edges
of FeZnUf‚MoO4 (A and B) and FeZnUf‚WO4 (C and D)
complexes prepared at pH 4.9.

Table 2: First-Sphere Analysis of the Fourier-Filtered Dataa (Fe
K-Edge)

Fe-O/N Fe-O/N

fit n r σ2 n r σ2 ε2 (×104)
FeZnUf‚MoO4

A 6 2.02 0.011 3.3
B 5 2.02 0.009 1.4
C 4 2.05 0.006 2 1.95 0.021 2.2
D 3 2.09 0.004 2 1.95 0.005 1.2

FeZnUf‚WO4

A′ 6 2.02 0.012 5.5
B′ 5 2.02 0.010 5.5
C′ 4 2.07 0.004 2 1.91 0.004 2.3
D′ 3 2.08 0.002 2 1.93 0.003 0.7
a Fourier transform range) 2-13 Å-1 for FeZnUf‚MoO4 and 2-15

Å-1 for FeZnUf‚WO4. Back-transform range) 1.0-2.0 Å for
FeZnUf‚MoO4 and 1.0-2.2 Å for FeZnUf‚WO4.

Table 3: First-Sphere EXAFS Fits to the Fourier-Filtered Dataa (Zn
K-Edge)

Zn-O/N Zn-O/N Zn-O/C

fit n r σ2 n r σ2 n r σ2 ε2 (×104)
FeZnUf‚MoO4

A 6 2.07 0.011 10.4
B 5 2.07 0.008 6.1
C 5 2.07 0.008 1 2.50 0.003 2.8
D 4 2.07 0.006 1 2.52 0.004 3.4
E 4 2.04 0.004 1 2.21 0.0005 4.2
F 3 2.04 0.004 1 2.22 0.002 1 2.52 0.003 0.8

FeZnUf‚WO4

A′ 6 2.08 0.010 8.7
B′ 5 2.08 0.007 1 2.52 0.003 0.6

a Fourier transform range) 2-15 Å-1 for FeZnUf‚MoO4 and
2-10.5 Å-1 for FeZnUf‚WO4. Back-transform range) 1-2.3 Å.

FIGURE 5: Fourier-filteredk3ø EXAFS data (×) and first-sphere
fits (s) of Fe and Zn K-edges of FeZnUf‚MoO4 (A and B) and
FeZnUf‚WO4 (C and D).
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The feature atR′ ∼ 3.8 Å in the Fe K-edges of both
molybdate and tungstate complexes can be simulated with a
number of low-Z scatterers; these scatterers can be derived
from the remote C or N atoms of the histidine ligand and a
Cδ atom of the tyrosinate ligand. Another low-Z atom that
may contribute to this feature can be identified from an
examination of the crystal structures of the KBPAP-anion
complexes (3). As shown in Figure 7, there is one
uncoordinated oxoanion oxygen (Ou) that is∼ 4.1 Å from
the iron. Its contribution to the scattering may be further
enhanced by multiple scattering effects due to the near
interpolation of a coordinated oxygen atom (Ob) along the
Fe-Ou vector forming an Fe-Ob-Ou angle of 170°.
The Zn K-edgeR′-space spectrum of FeZnUf‚MoO4

exhibits three well-resolved features between 3 and 4 Å
(Figure 6B), including one at 3.5 Å that is not observed in
the spectrum of FeZnUf‚PO4. The introduction of an Fe and
a Mo scatterer atR∼ 3.2 Å does not give rise to a fit with

an acceptable Debye-Waller factor for the Fe shell (fit D
in Table 5), in contrast to the fitting results for FeZnUf‚PO4
(Fe and Zn K-edges) (18) and FeZnUf‚MoO4 (Fe K-edge).
However, the combination of a C shell at 3.2 Å and an Fe
shell at 3.4 Å affords a good fit with reasonable Debye-
Waller factors for both shells (fit E in Table 5). These
scatterers account for theR′ ) 3.1 Å feature in Figure 6B.
TheR′ ) 3.8 Å feature, on the other hand, can be fit with a
four-C shell at 4.1 Å. These two carbon shells at 3.2 and
4.1 Å very likely arise from the noncoordinated atoms of
the His ligands at the Zn site. This leaves theR′ ) 3.5 Å
shell which is fit well with a Mo scatterer at 3.7 Å (fits F
and G in Table 5). The Zn K-edge spectrum of FeZnUf‚WO4,
though of more limited resolution, can be fit with a similar
set of scatterers: one Fe at 3.4 Å, four C at 3.2 Å, one W at
3.6 Å, and four C at 4.1 Å (fit F′ in Table 5).

Taken together, the outer-sphere fits to the Fe and the Zn
K-edge data for FeZnUf‚MoO4 and FeZnUf‚WO4 indicate
that the two complexes have very similar core structures.
The Fe and Zn ions are separated by∼3.4 Å and bridged
unsymmetrically by molybdate or tungstate with Fe-Mo/W
distances of 3.2 Å and Zn-Mo/W distances of 3.6-3.7 Å.

Table 4: Outer-Sphere Fits to the Fourier-Filteredk3ø Data (Fe K-Edge)

Fe-Zn Fe-Mo (or W) Fe-C

fit n r σ2 n r σ2 n r σ2 ε2 (×104)a ε2 (×104)b
FeZnUf‚MoO4

A 1 3.39 0.005 8.0
B 1 3.21 0.006 6.7
C 2 3.07 -0.002 16.5
D 1 3.40 0.005 2 3.06 -0.001 5.8
E 1 3.43 0.006 1 3.19 0.006 2.4 6.8
F 1 3.43 0.006 1 3.19 0.006 7 4.28 0.006 2.5

FeZnUf‚WO4

A′ 1 3.45 0.002 3.2
B′ 1 3.19 0.004 8.0
C′ 2 3.01 0.0001 19.7
D′ 1 3.45 0.002 2 3.01 0.0002 2.0
E′ 1 3.41 0.005 1 3.21 0.004 2.5 5.6
F′ 1 3.41 0.005 1 3.21 0.004 6 4.27 0.006 2.9
a Back-transform range) 1-3.5 Å for FeZnUf‚MoO4 and FeZnUf‚WO4, andε2 values for fits D and D′ in Table 1 used as a basis for the fits

in this range are 19.5× 10-4 and 19.6× 10-4, respectively.bBack-transform range) 1.0-4.2 Å for FeZnUf‚MoO4 and 1.0-4.0 Å for FeZnUf‚WO4.

FIGURE6: Fourier transforms of EXAFS data (×) and outer-sphere
fits (s) of Fe and Zn K-edges of FeZnUf‚MoO4 (A and B) and
FeZnUf‚WO4 (C and D). Corresponding insets show respective
EXAFS data and fits ink space.

FIGURE 7: Illustration of possible multiple scattering effects from
an uncoordinated oxygen atom of the bound phosphate based on
the structure of KBPAP‚PO4.
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DISCUSSION

The X-ray absorption spectroscopic analysis of FeZnUf‚
MoO4 and FeZnUf‚WO4 indicates that molybdate and
tungstate interact with the dinuclear center of uteroferrin in
a similar fashion. This conclusion is consistent with the
steady-state kinetic results showing both molybdate and
tungstate to be strong inhibitors of uteroferrin, unlike
phosphate which inhibits the enzyme 3 orders of magnitude
more weakly (17, 37).

The pre-edge data suggest that both FeZnUf‚MoO4 and
FeZnUf‚WO4 have six-coordinate iron sites, in agreement
with recent CD and MCD studies (21). The average Fe-
ligand distances of the iron sites are 2.02 Å for both FeZnUf‚
MoO4 and FeZnUf‚WO4, very close to those of FeZnUf and
FeZnUf‚PO4 reported previously (Table 6) (18). For all three
inhibitor complexes, the first sphere can further be resolved
into two shells of two O or N scatterers at 1.93-1.95 Å and
three O or N scatterers at ca. 2.1 Å. The shorter Fe-ligand
bonds very likely correspond to the terminal tyrosinate (1.9
Å) (38-41) and the bridging hydroxide (1.95 Å) (42-45),
while the longer bonds are associated with the two Asp
residues, the His, and the XO4 oxygen. These results
strongly suggest that the iron coordination environment does
not change significantly with the binding of molybdate or
tungstate.

On the other hand, molybdate and tungstate binding elicits
a zinc coordination environment somewhat different from
that found in the phosphate complex. When the 2.5 Å
scatterer common to all three anion complexes is excluded,
the average Zn-ligand distances of FeZnUf‚MoO4 and
FeZnUf‚WO4 are 2.07 and 2.08 Å, respectively, about 0.05
Å longer than those found for FeZnUf and FeZnUf‚PO4
(Table 6) (18). The higher resolution of the FeZnUf‚MoO4

Zn K-edge data allows the 2.07 Å shell to be split further
into two subshells of four scatterers at 2.04 Å and one
scatterer at 2.22 Å. Since the NMR spectrum of Ufr‚MoO4

is not significantly different from that of Ufr (46), the
scatterer at 2.22 Å very likely arises from a coordinated
molybdate oxygen. So far, there is no available structure
of a zinc-molybdate complex for comparison, but the 2.22
Å M-O bond length is longer than those found for a number
of diiron(III) molybdate complexes (1.9-2.0 Å) (47, 48).
Therefore, the 2.22 Å Zn-O(molybdate) bond suggests that
molybdate binds to the Zn site weakly and other binding
interactions are more important.

As previously reported for FeZnUf‚PO4 (18), a scatterer
at 2.5 Å on the Zn site is also required in the fits for both
FeZnUf‚MoO4 and FeZnUf‚WO4. Since no such long Zn-
ligand bond is found in the crystal structure of KBPAP (2,
3), there are two possible assignments for this scatterer as
previously discussed in detail for the phosphate complex.

Table 5: Outer-Sphere Fits to the Fourier-Filteredk3ø Data (Zn K-Edge)

Zn-Fe Zn-Mo (or W) Zn-C Zn-C

fit n r σ2 n r σ2 n r σ2 n r σ2 ε2 (×104)a ε2 (×104)b
FeZnUf‚MoO4

A 1 3.38 0.009 4.8
B 1 3.21 0.010 3.6
C 4 3.36 0.034 4.6
D 1 3.13 0.023 1 3.20 0.010 3.4
E 1 3.37 0.005 4 3.24 0.005 2.9 6.4
F 1 3.37 0.005 1 3.74 0.009 4 3.24 0.006 4.9
G 1 3.37 0.005 1 3.72 0.009 4 3.24 0.006 4 4.12 0.002 3.4

FeZnUf‚WO4

A′ 1 3.24 0.019 1.3
B′ 4 3.20 0.010 1.1 5.5
C′ 1 3.42 0.014 4 3.25 0.007 5.5
D′ 1 3.62 0.010 4 3.27 0.016 5.2
E′ 1 3.37 -0.001 1 3.66 0.002 4 3.25 -0.007 3.9
F′ 1 3.39 0.006 1 3.64 0.009 4 3.24 0.006 4 4.08 0.004 1.0
a Back-transform range) 1.1-3.3 Å for FeZnUf‚MoO4 and 1.1-3.0 Å for FeZnUf‚WO4, andε2 values for fits F and B′ in Table 2 used as a

basis for the fits in this range are 5.0× 10-4 and 2.0× 10-4, respectively.b Back-transform range) 1.1-4.0 Å for FeZnUf‚MoO4 and FeZnUf‚WO4.

Table 6: EXAFS Analysis of FeZnUf and Its Anionic Complexes at pH 4.9

first sphere second sphere

FeZnUfa 5 Fe-O/N, 2.02 Å 5 Zn-O/N, 2.02 Å Fe-Zn,∼3.3 Å
1 Zn-O/N, 2.46 Å

FeZnUf‚PO4a 3 Fe-O/N, 2.12 Å 3 Zn-O/N, 2.10 Å Fe-Zn,∼3.3 Å
2 Fe-O/N, 1.94 Å
(avg Fe-O/N, 2.01 Å)

2 Zn-O/N, 1.96 Å
(avg, 2.02 Å)

Fe-P, 3.23 Å
Zn-P, 3.19 Å

1 Zn-O/N, 2.45 Å
FeZnUf‚MoO4

b 3 Fe-O/N, 2.09 Å 4 Zn-O/N, 2.06 Å Fe-Zn,∼3.4 Å
2 Fe-O/N, 1.95 Å
(avg Fe-O/N, 2.02 Å)

1 Zn-O/N, 2.22 Å
(avg, 2.07 Å)

Fe-Mo, 3.19 Å
Zn-Mo, 3.72 Å

1 Zn-O/N, 2.52 Å
FeZnUf‚WO4

b 3 Fe-O/N, 2.08 Å 5 Zn-O/N, 2.08 Å Fe-Zn,∼3.4 Å
2 Fe-O/N, 1.93 Å 1 Zn-O/N, 2.52 Å Fe-W, 3.21 Å
(avg Fe-O/N, 2.02 Å) Zn-W, 3.64 Å

a From ref18. b From this work.
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The 2.5 Å scatterer may be associated with the Asn ligand
that is trans to the hydroxo bridge, by analogy to the Asn
ligand in the active site of soybean lipoxygenase that is
reported to be bound 3 Å from the metal center (49).
Alternatively, the 2.5 Å scatterer may arise from the Nε-
bound His which is not observed in the NMR spectra of Ufr

complexes (46) and thus may be weakly bound to the Zn
site.

The EXAFS analysis of both the iron and zinc K-edge
data demonstrates that the Fe-Zn distances of FeZnUf‚MoO4

and FeZnUf‚WO4 are ∼3.4 Å, slightly longer than the
metal-metal distance found for the EXAFS-derived structure
of FeZnUf‚PO4 (3.3 Å) (18). The elongation of the Fe-Zn
distance is consistent with the somewhat larger bite angle
expected for a bridging molybdate or tungstate relative to
phosphate. Similarly, the Fe-Fe distance of the diiron(III)
site of oxidized uteroferrin is modulated by the binding of
phosphate and arsenate (50). This effect of the bite angle is
also illustrated in a series of (µ-oxo)diiron(III) complexes
supported by an additional three-atom bridge (47), where
the Fe-Fe distance increases from 3.25 to 3.4 Å with
carboxylate, phosphate, and molybdate acting as the bidentate
bridge. The EXAFS-determined Fe-Zn distance is also in
agreement with metal-metal distances found in the crystal
structures of KBPAP (3.26 Å) (2, 3) and related phosphatases
with a (µ-hydroxo)(µ,η1-aspartato)dimetal core (4-7).
The EXAFS analyses of the Fe K-edge spectra of both

FeZnUf‚MoO4 and FeZnUf‚WO4 require the inclusion of a
Mo or W scatterer∼3.2 Å from the Fe center. This is
dramatically demonstrated by the appearance of an intense
peak atR′ ∼ 3 Å in the Fourier-transformed spectrum of
the WO4 complex relative to that of the MoO4 complex
(Figure 6), consistent with the stronger scattering expected
for the heavier atom. The 3.2 Å distance is shorter than the
3.35-3.65 Å distances observed for diiron(III) complexes
bridged by MoO4 or WO4 (47, 48, 51, 52). Correspondingly,
the calculated Fe-O-Mo/W angle of ca. 115° for the
FeZnUf-anion complexes, assuming an Fe-OXO3 (X )
Mo or W) bond length of 2.0 Å and an X-O bond length of
1.75 Å, is also more acute than the angles found for synthetic
complexes (125-155°) (47, 48, 51, 52). It is thus clear that
molybdate and tungstate interact strongly with the Fe(III)
site of the PAPs.

In contrast, the interaction of molybdate and tungstate with
the Zn(II) site of uteroferrin appears to be significantly
weaker. Besides the longer Zn-OMoO3 bond required in
the first-sphere fit for FeZnUf‚MoO4, the Zn-Mo/W dis-
tances of 3.6-3.7 Å are longer than the corresponding Fe-
Mo/W distances. These Zn-Mo distances and the calculated
Zn-O-Mo angle of 139° however are typical of diiron
complexes with molybdate or tungstate bridges (47, 48, 51,
52). Thus, molybdate and tungstate appear to bridge the
dinuclear center of FeZnUf in an unsymmetric fashion.
Unsymmetric anion bridges to bimetallic units in synthetic
complexes are not unusual; often, the asymmetry results from
the differing donor strengths of the ligands trans to the anion
bridge (47, 53). A particularly dramatic example is the
diiron(II) complex [Fe2(µ-OBz)(XDK)(ImH)2(OBz)(MeOH)]
(54), with Fe-O(carboxylato bridge) bond lengths of 2.04
and 2.20 Å and Fe-O-C angles of 102 and 178°, respec-
tively.

The active site structures of FeZnUf and its three anion
complexes deduced from EXAFS are shown in Figure 8 and
differ from the crystal structures of KBPAP-anion com-
plexes with respect to the mode of anion binding (2, 3).
While the crystal structures of the KBPAP-phosphate and
-tungstate complexes both show symmetrically bound
anions, the EXAFS results show a symmetric phosphate
bridge (∆rM-P ) 0.04 Å) and unsymmetric molybdate and
tungstate bridges (∆rM-X > 0.4 Å). The unsymmetric
bridging mode of the molybdate relative to phosphate is also
reflected in a comparison of the first-sphere fits for the zinc
sites of these anion complexes (Table 6). The average Zn-
ligand bond length in FeZnUf‚MoO4 is 0.05 Å longer than
that found in FeZnUf‚PO4, a difference that can be explained
by the replacement of one of the short 1.96 Å bonds of
FeZnUf‚PO4 with the longer 2.22 Å bond found in FeZnUf‚
MoO4. We propose that the former arises from the Zn-
OPO3 bond while the latter corresponds to the Zn-OMoO3

bond. Such a difference in metal-anion bond length will
affect the electronic properties of the divalent metal center
and can explain why the Fe(III)Fe(III)/Fe(II)Fe(III) redox
potential of Ufr‚MoO4 is nearly 400 mV higher than that for
Ufr‚PO4 (20), assuming that the conclusions from the FeZnUf
fits apply to the diiron enzyme. This in turn justifies why
molybdate binding stabilizes Ufr, while phosphate facilitates

FIGURE 8: Proposed active site structures of (A) FeZnUf, (B)
FeZnUf‚PO4, and (C) FeZnUf‚MoO4 and FeZnUf‚WO4 based on
EXAFS.
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its air oxidation to its inactive Fe(III)Fe(III) form (17, 37).
The significantly higher binding affinities of molybdate

and tungstate for the enzyme active site relative to that of
phosphate deserve some comment. At pH 4.9, molybdate
and tungstate bind to uteroferrin 3 orders of magnitude more
strongly than phosphate (17, 37). Since all three anions
bridge the dinuclear active site, the binding affinities of these
oxoanions must be determined by their interactions not only
with the dinuclear center but also with protein residues. The
crystal structures of the KBPAP-anion complexes show that
all four oxygen atoms of the tetraoxo anion are involved in
binding. Besides the two metal ions, the anions also interact
with His296 and His202, residues which are conserved in
uteroferrin (3, 12). One of these His residues very likely
acts as the acid that protonates the departing alkoxide ion
during phosphate ester hydrolysis. At pH 4.9 (optimum pH
for uteroferrin), these residues are almost certainly protonated
and act to neutralize the negative charge of the bound
oxoanion by hydrogen bonding to the two uncoordinated
oxygen atoms of the anion. That these histidine residues
are an important factor in binding is further supported by
the observation that anions such as Fe(CN)6

3- and Cr(CN)63-

can bind to the active site but not to the dinuclear center (Kd

∼ 2 mM) (55, 56).
Molybdate is a dianion at this pH [pK1 ) 3.65, pK2 ) 3.5

(57)], as is tungstate, so the HisH+-anion interactions would
be expected to be strong. These interactions may be more
important than the interaction with the divalent site and result
in the unsymmetric bridging mode indicated by the EXAFS
analysis. On the other hand, phosphate at pH 4.9 is a
monoanion (pK1 ) 2.15, pK2 ) 7.10), and both uncoordi-
nated oxygen atoms in the FeZnUf‚PO4 complex may be
protonated (58). There would then be a weaker attraction
between the positively charged His residues and the phos-
phate, which may result in a stronger interaction with the
divalent ion, giving rise to the symmetric bridging mode of
the phosphate. This diminished attraction to the HisH+

residues would also account for the much lower affinity of
phosphate for the active site and ensures its displacement
by substrate from the active site during catalytic turnover.
Support for this notion comes from a comparison ofKi values
for phosphate and molybdate at various pHs (Table 1 and
Figure 2), which increase as the pH rises from 4.0 to 7.5.
There are two apparent pK values of∼5.5 and∼7.0, which
may be ascribed to the sequential ionization of the two HisH+

residues that interact with the oxoanions. While the affinities
of molybdate and phosphate differ by a factor of 1000 at
pH 4 when both His residues are protonated, they only differ
by a factor of 30 at pH 7.5 when both His residues are
neutral.
In summary, our EXAFS studies further refine the picture

of the purple acid phosphatase active site that has been devel-
oped with X-ray crystallography. Tetraoxo anions interact
with the active site using all four oxygen atoms (Figure 8),
and these interactions determine the affinity of the anion for
the active site. Two coordinate to the individual metal ions
forming a bidentate bridge to the dinuclear center, while the
other two hydrogen bond with conserved but unligated His
residues in the active site. These His residues probably play
important roles in the catalytic mechanism by orienting the
substrate and acting as the general acid for hydrolysis (1).
The most important bioinorganic question that remains to

be clarified is the roles the individual metal ions of the
dinuclear center play in the hydrolytic mechanism. The
numerous and well-characterized spectroscopic properties of
uteroferrin and its metal-substituted derivatives provide a
basis for tackling this question and establishing a mechanistic
paradigm for hydrolysis at a bimetallic enzyme site.
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1. Sträter, N., Lipscomb, W. N., Klabunde, T., and Krebs, B.
(1996)Angew. Chem., Int. Ed. Engl. 35, 2024-2055.
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