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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 FeZMdf, and FeZnUfWQO, 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 2289 A and a shell of two O or N atoms at
1.93-1.95 A. On the other hand, the zinc sites have shells of five O or N atoms2at A and one O

or N atom at~ 2.5 A. Because of the higher resolution of the FeZMHO, data, the main shell at

~2.1 A can be further split into shells of four O or N at 2.04 A and one O or N at 2.22 A, the latter being
associated with a molybdate oxygen. Outer-sphere EXAFS analysis indicates-Zn Beparation of

~3.4 A for both FeZnUiMo0O, and FeZnUWO,, Fe—Mo/W distances of 3.2 A, and ZrMo/W distances

of 3.6-3.7 A. 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 (PAPBsglong to a class of
metallohydrolases containing bimetallic active sitBstliat
catalyze the hydrolysis of phosphate esters in vitro and
contain a g-hydroxo)f,n*-aspartato)dimetal active site
(Figure 1) ¢,3) similar to those found for protein phosphatase
1 (PP-1) 4, 5) and protein phosphatase 2B (calcineuri®) (
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
organisms9g). 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 FK5061(1).

The crystal structure of kidney bean PAP (KBPAP) at pH
5 shows an active site with an Fe(ll)Zn(ll) center bridged

Ficure 1: KBPAP active site (adapted from r8j.

T This work was supported by a grant from the National Science
Foundation (MCB-9405723, L.Q.). Beamline X9 at the NSLS at BNL

is supported by the National Institutes of Health (RR-001633). bY_ a monOdema_te QSpartate and pres_umably a hydroxide
* To whom correspondence should be addressed. Fax: (612) 624-(Figure 1), resulting in an FeZn separation of 3.26 A
7029. E-mail: que@chem.umn.edu. 3). The Fe(lll) site is terminally coordinated by a tyrosine,

1 Abbreviations: EPR, electron paramagnetic resonance; ESEEM, % . . . .
electron spin-echo envelope modulation; EXAFS, extended X-ray Nistidine, and monodentate aspartate, while the Zn(ll) site

absorption fine structure; FezZnUf, FezZn derivative of uteroferrin; is terminally coordinated by two histidines and an asparagine.

FezZnU*#PQ,, phosphate complex of FeZnUf; FeZnWloO,, molybdate ; i i
complex of FeZnUf; FeZnUiWO,, tungstate complex of FeZnUf; ImH, The Fe(III)Fe(II) active sites of Uf and other mammalian

imidazole; KBPAP, kidney bean purple acid phosphatase; OBz, PAPS are believed to be similar to that of KBPAP, because
benzoate; PAP, purple acid phosphatase; PP, Ser/Thr protein phosall metal ligands are conserved between KBPAP and the

phatase; PP-1, protein phosphatase 1; Uf, uteroferrip; rédfluced mammalian PAP In ition. the Ee(ll) site in th
uteroferrin; XANES, X-ray absorption near-edge structure; XAS, X-ray a al.a s19). b ad? Od, b e Fe(ll) .She | € f
absorption spectroscopy: XDi-xylenediamine bis(Kemp's triacid)- ~ mammalian PAPs can be replaced by Zn(ll) without loss o

imide. activity (13, 14), while KBPAP can be converted to an active

S0006-2960(98)00150-0 CCC: $15.00 © 1998 American Chemical Society
Published on Web 05/07/1998



7814 Biochemistry, Vol. 37, No. 21, 1998

Fe(llFe(Il) form with spectroscopic properties very similar
to those of the mammalian PAP$Y 16).

Wang and Que

X-ray absorption data at both the iron and zinc K-edges
of FeZnUfMoO, and FeZnU{WO, were collected at Beam-

Phosphate, the product, and other tetraoxo anions arelineé X9 of the National Synchrotron Light Source (NSLS)
inhibitors of both Uf and FezZnUf1(7). Phosphate and at Brookhaven National Laboratory. The X-ray absorption
arsenate are weak competitive inhibitors with millimakar ~ SPectra at the iron K-edge were collected between 6.95 and
values. Phosphate has been found to act as a bidentate bridg®0 keV, and the monochromator was calibrated using the
between the two metal centers according to an EXAFS edge energy of iron foil at 7113.6 eV. The Zn-edge spectra
ana|ysis of FeZnuPQ, (18) and a Crysta"ographic Study were collected between 9.46 and 10.35 keV, and the
of KBPAP-PQO, (3). In contrast, molybdate and tungstate Monochromator was calibrated using the edge energy of zinc

are potent competitive inhibitors with; values in the
micromolar rangeX7). Molybdate also affects the properties

foil at 9662.0 eV. XAS data were obtained in the fluores-
cence mode from protein samples frozen at 77 K. Ahg

of the dinuclear centers of Uf and FeznUf in a manner very (Ci/Co) was determined from an inciden€d) ionization

different from that of phosphate and arsenate.

While detector and a final fluorescendg) detector, which was a

phosphate and arsenate engender EPR spectra of rhombi3-element Ge solid-state detector (Canberra).

symmetry, molybdate gives rise to axial EPR signal).(

The treatment of raw EXAFS data which yielgsis

More interesting|y, phosphate and arsenate shift the redoxdiscussed in detail in review arﬂCI@a 26) A modification

potential of Uf to a more negative value, while molybdate
shifts the potential to a more positive val@), in line with
the different susceptibilities of Uf to aerobic oxidation in
the presence of these anioris’f. Recent CD and MCD
studies on uteroferrinanion complexes also show that

of the EXAPLT program was employed to extrgctfrom

Aexp by using a cubic spline function, including preliminary
baseline correction and correction of fluorescence data for
thickness effects and detector respor2sg. ( The refinements
reported were ok3y data, and the function minimized was

molybdate affects the dinuclear active site in a manner R=[2K*(tc — x)¥N]V% where the sum is oved data points

different from that of phosphat1). On the basis of these

biochemical, spectroscopic, and electrochemical results,

molybdate and tungstate very likely interact with the di-

between 2 and 15 A.
Single-scattering EXAFS theory allows the total EXAFS
spectrum to be described as the sum of shells of separately

nuclear center in a mode different from that of phosphate modeled atoms

and arsenate. This notion is contradicted by the crystal

structure of the KBPAPtungstate complex which shows
an active site nearly identical to that of the KBPAP
phosphate complex3). Here we report the use of X-ray

Xe= znA[f(k)k‘lr‘2 exp(—202kA) sin[2kr + a(K)]]

wheren is the number of atoms in the shetl= [8:72m(E

absorption spectroscopy in studying the dinuclear centers of— Eo + AE)/W7*2, ando? is the Debye-Waller factor @7).

FeZnU#MoO, and FeZnUfWO, and elucidate the mode of

The amplitude reduction factof) and the shell-specific edge

molybdate and tungstate binding. These data allow a Shift (AE) are empirical parameters that partially compensate
comparison among the molybdate, tungstate, and phosphatéor imperfections in the theoretical amplitude and phase

complexes of FeZnUf and provide insight into how they
interact differently with the dinuclear center of the enzyme.

EXPERIMENTAL PROCEDURES

Steady-State Kinetic Studiellteroferrin was isolated and
purified according to literature procedur@®(23). FezZnUf
was then reconstitute@4), and metal analysis gave values
of 1.0 £ 0.1 Fe and 1.0t 0.1 Zn atoms per molecule.
FeznUf was fully active as native uteroferrin with a specific
activity of about 350 units/mg (witp-nitrophenyl phosphate
as the substrate and the release pafitrophenol being
measured at 390 nm)K; values were determined from
steady-state Michaelidvienten enzyme kinetics studies and
extracted from fits to LineweaveiBurke plots of the data.

Buffers used for the pH dependence studies were as

follows: 0.1 M acetate/0.2 M NaCl (pH-45.5), 0.1 M
imidazole/0.2 M NaCl (pH 66.5), and 0.1 M Tris-HCI/0.2
M NaCl (pH 7—7.5).

X-ray Absorption Spectroscopyamples of FeZnUMoO,
and FeZnU{WO, were prepared by respectively adding 1.1

functions 8). Phase and amplitude functions were theoreti-
cally calculated using a curved-wave formalis@9)( A
variation of FABM (fine adjustment based on models) was
used here in the analysis procedure with theoretical phase
and amplitude functions3Q). In each shell, two parameters
were refined at one time (@ndn or ¢2), while A and AE
values were determined by using a series of crystallographi-
cally characterized model complexes. The fitting results
indicate the average metdigand distances, the type and
number of scatterers, and the DebyWaller factors which
can be used to evaluate the distribution of-Fer Zn—ligand
bond lengths in each shell. The EXAFS goodness of fit
criterion applied here is

&= [(Ng/) Y (tc = 04N

as recommended by the International Committee on Stan-
dards and Criteria in EXAFS3(, 32), wherev is the number

of degrees of freedom calculatediass Nigp — Nyar, Nigp IS

the number of independent data points, Blagis the number

of variables that are refinedNiy, is calculated with the

equiv of molybdate and tungstate to the concentrated FeZnUfequationNig, = 2AkAR/z + 2 (33). The use of? as the
solution in acetate buffer at pH 4.9. EPR spectra of the criterion for the goodness of fit allows us to compare fits

FeZnUfMoO, and FeZnU{WQ, 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

using different numbers of variable parameters.
The pre-edge areas were calculated by subtracting an
arctangent function from the data and normalizing with

prevent ice crystal formation when the samples were frozen respect to the edge jump height. The background function

in gold-plated copper sample holders.

was determined by a least-squares fit of an arctangent



EXAFS Studies of Anion Complexes of FeZnUf Biochemistry, Vol. 37, No. 21, 199§815

Table 1: pH Dependence ¢ for Synthesis of Molybdate and

Phosphate with FezZnUf

pH Ki(molybdate) M) Ki(phosphate) (mM)
4.0 1.8 2.0

45 21 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

100

101

7080 7100 7120 7140 7160 7180

s eV
% Ficure 3: Fe K-edge XANES spectra of FeZntfoO, (—) and
¥y FeZnUFWO; (- - -). The inset is a magnification of the ts 3d
pre-edge transition.
Pre-Edge Data XANES studies and molecular orbital
0011 calculations on iron model compounds have demonstrated

that the intensity of the 15> 3d pre-edge feature relative to
the edge jump can be correlated with the metal coordination
geometry 84, 35). In general, the pre-edge peak intensity
0.001 - ’ ) — : : increases as the metal coordination environment deviates
pH from inversion symmetry, and therefoll@sanedra™ Is—coord

> loctanedral FrOm the pre-edge database for Fe(lll) com-
FiGure 2: pH dependence d; values for phosphatex) and  plexes, tetrahedral complexes have pre-edge peak areas
molybdate @) inhibition of FeZnUf. - S .

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 84).

together with a first-order polynomial to the data below the
inflection point to the edged3). The edge jump was The positions of the Fe K-edges of FeZzrMbO, and

determined by fitting a first-order polynomial to the data. : :
The pre-edge area after the background subtraction WaSFeZnUfWO4 (7124.1 and 7124.3 eV, respectively) are

obtained by integrating over a range of about 8 eV. This consistent with the iron being in the3 oxidation state. The

range centered on the peak, and any residual background;f;fg g;ed-eg%eu:;rs:sgsr Feecztir\}/glfoogsns?wolzvevﬁnigﬂll—‘vioare 3
function was interpolated over that range. The difference : ' ' P Y 9 '

between the two lines at the inflection point was used as theIggfd?n;'?;urﬁzngaiclc:;rsilrsgﬁztlI)V\:I:Ict)r:n t?:;ees quJhnuds ftc;‘re f:';(
normalization factor for the pre-edge area. P ' '

(1) sites of both FezZnUMoO, and FeZnUfWQO, are six-
RESULTS coordinate.
First-Sphere EXAFS AnalysisThe rawk®y EXAFS data

pH Dependence of K Phosphate and molybdate are both at both Fe and Zn K-edges for FeZnWfoO, and FeZnUf
competitive inhibitors of Uf and FezZnUfL{). However, WQ, are presented in Figure 4. Because the L-edge of
their affinities for the active site differ by 3 orders of tungsten is only-1 keV higher than the K-edge of zinc, the
magnitude. To gain further insight into these interactions, Zn K-edge data for FeZnWVO, could only be collected
we have measured tlig values of molybdate and phosphate 10.5 A™* beyond its K-edge without interference from the
at different pHs (Table 1 and Figure 2). We confirm that tungsten L-edge absorption and is thus of more limited
the inhibition behavior of both phosphate and molybdate are resolution.
competitive at all pH values studied. The binding affinities  The first-sphere simulation results for the iron K-edge data
of molybdate and phosphate for FeZnUf both decrease asare summarized in Table 2. An average first-shell coordina-
the pH increases. Two apparerit palues, 5.5 and 7.0, can  tion of five or six O or N at 2.02 A for both FeZnkMoO,
be derived from Figure 2 for both molybdate and phosphate. and FeZnUfWOQ, is found, suggesting that the first-shell
These two s most likely are associated with two conserved coordination environments of the iron sites in FeZiMbO,
histidine residues in the active site that interact with the and FeZnUfWOQO, are very similar. In addition, this can be
anions by hydrogen bonds as demonstrated in the crystalsplit into two subshells of scatterers at ca. 1.9 and 2.1 A,
structures of KBPARPQO, and KBPAPWO, (3). and the two-shell fits afford? values considerably smaller
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FIGURE 4: Raw EXAFS datak®y) obtained for Fe and Zn K-edges
of FeZznUfMoO, (A and B) and FezZnUWO, (C and D)
complexes prepared at pH 4.9.

Table 2: First-Sphere Analysis of the Fourier-Filtered B¢ke
K-Edge)

Fe—OIN Fe-O/N

fit n r 0? n r 0? 2 (x10
FezZnU#MoO,

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
FeZnUfWO,

A’ 6 2.02 0.012 55

B’ 5 2.02 0.010 55

(o4 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 A~ for FeZnU#MoO, and 2-15
A-1 for FeznUFWO,. Back-transform range= 1.0-2.0 A for
FeZnUfMoO, and 1.6-2.2 A for FeZnUfWO,.

than those of the one-shell fits. The best fit consists of two
shells of two O or N at 1.931.95 A and three O or N at
2.08-2.09 A (fits D and D in Table 2).

Similar to the iron K-edge data, the zinc K-edge data for
both FeZznUfMoO, and FeZnU{WO, can be simulated with
a single shell of scatterers at 2:62.08 A but with fairly
largee? values (Table 3). The inclusion of a low-Z scatterer
at ca. 2.5 A makes a notable improvementdrto the fits
of both FeZnUfMoO, and FeZnUfWOQO,, as observed in
previous EXAFS studies of FeZnUf and FeZnrBR©, (18).
Furthermore, the higher-resolution data of FezZiNEGO,
make it possible to split the main shell at 2.07 A into two
subshells of four O or N at 2.04 A and one O or N at 2.22
A, decreasing the? 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 AnalysiShe Fourier transforms
of the filtered k¥ EXAFS data are shown in Figure 6.
Compared to those of FeZn#fO, (18), the second-sphere
features in the Fe K-edge spectra of both FeZMdiO, and

Wang and Que

Table 3: First-Sphere EXAFS Fits to the Fourier-Filtered B&fan
K-Edge)

Zn—0O/IN Zn—0IN Zn—0/C

fit n r o> n r o> n r 0% (x10
FezZnUfMoO,

A 6 207 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 1 252 0.004 3.4

E 4 204 0.004 1 221 0.0005 4.2

F 3 204 0004 1 222 0.002 1 252 0.003 0.8
FeZnUfWO,

A" 6 2.08 0.010 8.7

B' 5 2.08 0.007 1 2.52 0.003 0.6

aFourier transform range= 2—15 A~ for FeZnUfMoQO, and
2—10.5 A1 for FeZnUfWO,. Back-transform range- 1-2.3 A.

xk®

12 14

10

2 4 6 8
k (A7)
FicUre 5: Fourier-filteredk®y EXAFS data &) and first-sphere

fits (—) of Fe and Zn K-edges of FeZntMoO, (A and B) and
FeZnUfWO, (C and D).

FeZnUfWOQO, are stronger; particularly prominent is a feature
aroundR = 3.0 A in the tungstate complex. The inclusion
of a Zn scatterer at 3.4 A significantly decreasescfhealue

(fit A'in Table 4), as does the introduction of a Mo scatterer
at 3.2 A for the FeZnUMoO, Fe K-edge fits (fit B in Table

4). This is consistent with previous ESEEM studies op Uf
MoQ,, which indicate that molybdate is directly coordinated
to the dinuclear centeBf). The best fit for FeZnUMoO,
consists of a Zn scatterer at 3.43 A and a Mo scatterer at
3.19 A (fit E in Table 4). An alternative fit with a Zn shell
at~3.4 A and a C shell at3.0 A was attempted, but thé
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 FeZnUWO, requires a Zn
scatterer at 3.41 A aha W scatterer at 3.21 A (fit'En
Table 4). While the alternative fit with a Zn scatterer at 3.4
A and a C scatterer at 3.0 A affords a slightly smakeér
value, the DebyeWaller factors for both Zn (0.002) and C
shells (0.0002) are much too small to be reasonable for such
long distances.
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Table 4: Outer-Sphere Fits to the Fourier-Filtelég Data (Fe K-Edge)

Fe-2Zn Fe—-Mo (or W) Fe-C

fit n r 0? n r 0? n r 02 €2 (x10%a €2 (x10%p
FeZnUfMoO,

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 24 6.8

F 1 3.43 0.006 1 3.19 0.006 7 4.28 0.006 25
FeZnUFfWO,

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 25 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 A for FeZnUfMoO, and FeZnUfWOQ,, ande? values for fits D and Din Table 1 used as a basis for the fits
in this range are 19.% 104 and 19.6x 1074, respectively? Back-transform range 1.0—4.2 A for FeZnUfMoO, and 1.6-4.0 A for FeZnUfWO,.

FT Magnitude

Ficure 7: lllustration of possible multiple scattering effects from
an uncoordinated oxygen atom of the bound phosphate based on
the structure of KBPARPQ,.

R' (A)
FIGURE 6: Fourier transforms of EXAFS datx] and outer-sphere  an acceptable DebyaNaller factor for the Fe shell (fit D

fits (—) of Fe and Zn K-edges of FeZntMloO, (A and B) and ; ; .
FeZnUFWO, (C and D). Corresponding insets show respective in Table 5), in contrast to the fitting results for FeZnRBPO,

EXAFS data and fits ik space. (Fe and Zn K-edges)1§) and FeznUiMoO, (Fe K-edge).
However, the combinationf@ C shell at 3.2 A and an Fe
_ shell at 3.4 A affords a good fit with reasonable Debye
The feature aR ~ 3.8 A in the Fe K-edges of both \waller factors for both shells (fit E in Table 5). These
molybdate and tungstate complexes can be simulated with agcatterers account for thi¢ = 3.1 A feature in Figure 6B.
number of low-Z scatterers; these scatterers can be derivedrne R = 3.8 A feature. on the other hand. can be fit with a
from the remote C or N atoms of the histidine ligand and a four-C shell at 4.1 A. These two carbon shells at 3.2 and
C, atom of the tyrosinate ligand. Another low-Z atom that 4 1 A yvery likely arise from the noncoordinated atoms of

may contribute to this feature can be identified from an the His ligands at the Zn site. This leaves Re= 3.5 A
examination of the crystal structures of the KBPAhion shell which is fit well with a Mo scatterer at 3.7 A (fits F

complexes §). As shown in Figure 7, there is one and G in Table 5). The Zn K-edge spectrum of FeZWD,,
uncoordinated oxoanion oxygen fQhat is~ 4.1 A from - : o S
though of more limited resolution, can be fit with a similar

the iron. Its contribution to the scattering may be further ) A A
enhanced by multiple scattering effects due to the nearSet of scatterers: one Fe at 34 fourCat3.2A, one Wat
y P g 3.6 A, and four C at 4.1 A (fit Fin Table 5).

interpolation of a coordinated oxygen atomy@long the

Fe—0O, vector forming an FeO,—O, angle of 170. Taken together, the outer-sphere fits to the Fe and the Zn
The Zn K-edgeR-space spectrum of FeZnioO, K-edge data for FeZnUMoO, and FeZnUfWQ, indicate

exhibits three well-resolved features between 3 and 4 A that the two complexes have very similar core structures.

(Figure 6B), including one at 3.5 A that is not observed in The Fe and Zn ions are separated+§.4 A and bridged

the spectrum of FeZnJPQ,. The introduction of an Fe and  unsymmetrically by molybdate or tungstate with-Frdo/W

a Mo scatterer aR ~ 3.2 A does not give rise to a fit with  distances of 3.2 A and ZaAMo/W distances of 3.63.7 A.
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Table 5: Outer-Sphere Fits to the Fourier-Filtelég Data (Zn K-Edge)

Zn—Fe Zn—Mo (or W) Zn—C Zn—C

fit n r 0? n r 0? n r 0? n r €2 (x10%a €2 (x10%P
FeZnU#MoO,

A 1 3.38 0.009 438

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 34
FeZnUfWO,

A’ 1 3.24 0.019 1.3

B’ 4 3.20 0.010 11 5.5

(o4 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 A for FeZnUfMoO, and 1.1-3.0 A for FeZnUfWO,, ande? values for fits F and Bin Table 2 used as a
basis for the fits in this range are 010 and 2.0x 1074, respectively? Back-transform range: 1.1—4.0 A for FeZnUfMoO, and FeZnUfWO,.

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

first sphere

second sphere

FeZnUf 5 Fe-OIN, 2.02 A
FeZnUfPOs? 3Fe-0OIN,2.12 A
2 Fe-OIN, 1.94 A

(avg Fe-OIN, 2.01 A)
FeZnUfMoO,’ 3Fe-OIN, 2.09 A
2 Fe-OIN, 1.95 A

(avg Fe-OIN, 2.02 A)
FeZnUFWO,° 3Fe-OIN, 2.08 A

2 Fe-OIN, 1.93 A
(avg Fe-OIN, 2.02 A)

5Zn-0IN, 2.02 A Fe-zZn,~3.3A
1Zn—0IN, 2.46 A
3Zr-OIN, 2.10 A Fe-zZn,~3.3A
27Zn—0IN, 1.96 A Fe-P,3.23A
(avg, 2.02 A) Zn—P,3.19 A
1Zn—0OIN, 2.45 A
47Znr-0IN, 2.06 A Fe-Zn,~3.4 A
1Zn—0OIN, 2.22 A Fe—Mo, 3.19 A
(avg, 2.07 A) Zn—Mo, 3.72 A
1Zn—0OIN, 2.52 A
5Znr-0IN, 2.08 A Fe-Zn,~3.4 A
1Zn-OIN, 2.52 A Fe-W, 3.21 A
Zn-W, 3.64 A

aFrom ref18. P From this work.

DISCUSSION

The X-ray absorption spectroscopic analysis of FeZnUf
MoO, and FeZnUfWO, indicates that molybdate and
tungstate interact with the dinuclear center of uteroferrin in

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 A
scatterer common to all three anion complexes is excluded,
the average Znligand distances of FezZntMoO, and

a similar fashion. This conclusion is consistent with the FeznUfWO, are 2.07 and 2.08 A, respectively, about 0.05
steady-state kinetic results showing both molybdate and A |onger than those found for FeZnUf and FeZrR®,

tungstate to be strong inhibitors of uteroferrin, unlike

(Table 6) L8). The higher resolution of the FeZnliioO,

phosphate which inhibits the enzyme 3 orders of magnitude zn K-edge data allows the 2.07 A shell to be split further

more weakly 17, 37).

The pre-edge data suggest that both FeZmdfO, and
FeznU#WO, have six-coordinate iron sites, in agreement
with recent CD and MCD studie{). The average Fe
ligand distances of the iron sites are 2.02 A for both FeZnUf
MoO, and FeZnUfWQ,, very close to those of FeZnUf and
FeZnUfPQ, reported previously (Table 618). For all three

into two subshells of four scatterers at 2.04 A and one
scatterer at 2.22 A. Since the NMR spectrum of MbO,

is not significantly different from that of Wf(46), the

scatterer at 2.22 A 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
AM—0 bond length is longer than those found for a number

inhibitor complexes, the first sphere can further be resolved of diiron(lll) molybdate complexes (1-2.0 A) (47, 48).

into two shells of two O or N scatterers at 1-:9B.95 A and
three O or N scatterers at ca. 2.1 A. The shortetligand
bonds very likely correspond to the terminal tyrosinate (1.9
A) (38—41) and the bridging hydroxide (1.95 A#2—45),

Therefore, the 2.22 A ZnO(molybdate) bond suggests that
molybdate binds to the Zn site weakly and other binding
interactions are more important.

As previously reported for FeZnkRQ, (18), a scatterer

while the longer bonds are associated with the two Asp at 2.5 A on the Zn site is also required in the fits for both

residues, the His, and the XQbxygen. These results

FezZnUfMoO, and FeZnUfWOQ,. Since no such long Zn

strongly suggest that the iron coordination environment doesligand bond is found in the crystal structure of KBPAP (

not change significantly with the binding of molybdate or
tungstate.

3), there are two possible assignments for this scatterer as
previously discussed in detail for the phosphate complex.
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The 2.5 A 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 bouh 3 A from the metal center4@).
Alternatively, the 2.5 A scatterer may arise from the N
bound His which is not observed in the NMR spectra of Uf
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 thef£n distances of FeZnl§0O,
and FeZnUfWO, are ~3.4 A, slightly longer than the
metal-metal distance found for the EXAFS-derived structure
of FeZnU#PQy (3.3 A) (18). The elongation of the FeZn
distance is consistent with the somewhat larger bite angle
expected for a bridging molybdate or tungstate relative to
phosphate. Similarly, the Fd~e distance of the diiron(lll)
site of oxidized uteroferrin is modulated by the binding of
phosphate and arsenaf®). This effect of the bite angle is
also illustrated in a series ofi{oxo)diiron(lll) complexes
supported by an additional three-atom bridg&)( where
the Fe-Fe distance increases from 3.25 to 3.4 A with

carboxylate, phosphate, and molybdate acting as the bidentate

bridge. The EXAFS-determined F&n distance is also in
agreement with metalmetal distances found in the crystal
structures of KBPAP (3.26 AR( 3) and related phosphatases
with a (u-hydroxo)f,;*-aspartato)dimetal core{7).

The EXAFS analyses of the Fe K-edge spectra of both
FeznUfMoO, and FeZnUfWQ, require the inclusion of a
Mo or W scatterer~3.2 A from the Fe center. This is

dramatically demonstrated by the appearance of an intense

peak atR ~ 3 A in the Fourier-transformed spectrum of
the WQ, complex relative to that of the MaQOcomplex
(Figure 6), consistent with the stronger scattering expected
for the heavier atom. The 3.2 A distance is shorter than the
3.35-3.65 A distances observed for diiron(lll) complexes
bridged by MoQ or WO, (47, 48, 51, 52). Correspondingly,
the calculated FeO—Mo/W angle of ca. 115 for the
FeZnUf-anion complexes, assuming an-F@X0; (X =

Mo or W) bond length of 2.0 A and an-XO bond length of

1.75 A, is also more acute than the angles found for synthetic

complexes (125155°) (47, 48, 51, 52). ltis thus clear that
molybdate and tungstate interact strongly with the Fe(lll)
site of the PAPs.

In contrast, the interaction of molybdate and tungstate with
the Zn(ll) site of uteroferrin appears to be significantly
weaker. Besides the longer Z©MoO; bond required in
the first-sphere fit for FeZnUMoO,, the Zn—Mo/W dis-
tances of 3.6:3.7 A are longer than the correspondingFe
Mo/W distances. These ZMo distances and the calculated
Zn—0—Mo angle of 139 however are typical of diiron
complexes with molybdate or tungstate bridgég @8, 51,
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Ficure 8: Proposed active site structures of (A) FezZnUf, (B)
FeZnU#PQ,, and (C) FeZznUMoO, and FeZnUfWO, based on
EXAFS.

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 KBPAFRanion com-
plexes with respect to the mode of anion bindiry ).
While the crystal structures of the KBPAPhosphate and
—tungstate complexes both show symmetrically bound
anions, the EXAFS results show a symmetric phosphate
bridge Ary—p = 0.04 A) and unsymmetric molybdate and
tungstate bridgesAtm—x > 0.4 A). 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 FeZnlfoO, is 0.05 A longer than
that found in FeZnUPQ,, a difference that can be explained
by the replacement of one of the short 1.96 A bonds of

52). Thus, molybdate and tungstate appear to bridge the FeZnUfPQ, with the longer 2.22 A bond found in FeznUf
dinuclear center of FeZnUf in an unsymmetric fashion. MoO,. We propose that the former arises from the-Zn
Unsymmetric anion bridges to bimetallic units in synthetic OPQ; bond while the latter corresponds to the-ZDMoOs
complexes are not unusual; often, the asymmetry results frombond. Such a difference in metahnion bond length will
the differing donor strengths of the ligands trans to the anion affect the electronic properties of the divalent metal center

bridge @7, 53). A particularly dramatic example is the
diiron(Il) complex [Fe(u-OBz)(XDK)(ImH),(OBz)(MeOH)]
(54), with Fe—O(carboxylato bridge) bond lengths of 2.04
and 2.20 A and FeO—C angles of 102 and 178respec-
tively.

and can explain why the Fe(lID)Fe(ll)/Fe(l)Fe(lll) redox
potential of Uf-MoQy is nearly 400 mV higher than that for
Uf-PQ, (20), assuming that the conclusions from the FeZnUf
fits apply to the diiron enzyme. This in turn justifies why
molybdate binding stabilizes Vfwhile phosphate facilitates
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its air oxidation to its inactive Fe(lll)Fe(lll) formi({7, 37). be clarified is the roles the individual metal ions of the
The significantly higher binding affinities of molybdate dinuclear center play in the hydrolytic mechanism. The

and tungstate for the enzyme active site relative to that of numerous and well-characterized spectroscopic properties of

phosphate deserve some comment. At pH 4.9, molybdateuteroferrin and its metal-substituted derivatives provide a

and tungstate bind to uteroferrin 3 orders of magnitude more basis for tackling this question and establishing a mechanistic

strongly than phosphatel?, 37). Since all three anions paradigm for hydrolysis at a bimetallic enzyme site.
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