Biochemistry1998,37,11223-11231 11223

The Activity of Oxidized Bovine Spleen Purple Acid Phosphatase Is Due to an
Fe(ll)Zn(l1) ‘Impurity’

Maarten Merkx and Bruce A. Averill*

E.C. Slater Institute, Biocentrum Amsterdam, démsity of Amsterdam, Plantage Muidergracht 12, 1018 TV,
Amsterdam, The Netherlands

Receied February 18, 1998; Résed Manuscript Recegéd June 1, 1998

ABSTRACT: Bovine spleen purple acid phosphatase (BSPAP) is a dinuclear iron protein with two stable
redox states. The FeFe*" state is the active state, while the fully oxidized protein (BSRARas been
reported to retain 510% activity, corresponding tolka,: of ca. 150 st [Dietrich, M., Minstermann, D.,
Suerbaum, H., and Witzel, H. (199Eur. J. Biochem. 199105-113]. Here we show that this activity

does not originate from PeFe*"-BSPAP, but rather from an ‘impurity’ of FeZn-BSPAP. The FeZn
form of BSPAP was prepared from apo-BSPAP following a new procedure, and its kinetic properties
were carefully determined for comparison to those of BSEAFFor the hydrolysis op-NPP at pH 6.00,

both k.ot andKy were affected by the Pe-to-Zr?t-substitution [F&"Fe2m-BSPAP,keat = (1.8 & 0.1) x

10 standKy = 1.2+ 0.2 mM; FETZn2"-BSPAP;keat = (2.8 4+ 0.2) x 10® st andKy = 3.3+ 0.4

mM]. The Ky of BSPARx was the same as that of FeZn-BSPAP. pH profiles of BSRARd FeZn-
BSPAP were both shifted to lower pH compared to that of BSRAR-eZn-BSPAP, FeZn-BSPAPQ;,

and FeZn-BSPAMO00O;, all showed characteristic EPR spectra similar to the corresponding complexes
of FeZn-Uf. The same species could also be observed in concentrated samples of native BSPAP. Spin
integration of these spectra showed a quantitative relation between the spin concentration of the FeZn-
BSPAP ‘impurity’ and the residual phosphatase activity after oxidation. Since all activity found after
oxidation of BSPAP could be attributed to FeZn-BSPAP, there is no direct evidence tH#teFe

BSPAP is catalytically active. These results set an upper limit to the possible catalytic activity of the
FetFe*t form of <1% of that of the F&'Fe?t form, a finding that is important for understanding the
fundamental chemistry by which these dinuclear enzymes catalyze the hydrolysis of phosphate esters.

Purple acid phosphatases (PARJe characterized by a  bovine spleen (BSPAPB), and several human and rat tissues
low pH optimum (pH 5-6), a purple color, insensitivity to  (spleen, bone, lungpj, from plants, e.g., red kidney beans
the acid phosphatase inhibitor tartrate, and the presence of §KBPAP) (9), sweet potatol(0, 11, andArabidopsis thalania
dinuclear FeFe or FeZn center at their active sizef). (cited in ref 6), and from microbial organisms2, 13. The
Purple acid phosphatases, which are sometimes also referreghammalian enzymes, of which Uf and BSPAP are the best-
to as tartrate-resistant acid phosphatases (TRAPS) or type Studied examples, contain two antiferromagnetically coupled
acid phosphatases, have been isolated from mammaliariron atoms {, 14, 15, while the kidney bean purple acid
sources, including porcine uterine fluid (uteroferrin, Uf),(  phosphatase contains one iron and one zinc. Despite this
difference in metal content, the mammalian and plant purple
* To whom correspondence should be addressed. Telephone: 31-acid phosphatases display very similar enzymatic and

20-5255045. Fax: 31-20-5255124. E-mail: BAA@chem.uva.nl. - - : -
1 Abbreviations: AAS, atomic absorption spectrometry; BSA, bovine spectroscopic properties. One of the irons in BSPAP and

serum albumin; BSPAP, bovine spleen purple acid phosphatase; Uf can be replaced by zinc without drastic effects on the
BSPARy, BSPAP after oxidation by hydrogen peroxide; BSRAP phosphatase activityl( 16-18), while the zinc in KBPAP

BSPAP in the active, mixed-valent ox_id_ation state; EDTA, disodium ~5n pe replaced by iron, again without major effects on the
salt of ethylenediaminetetraacetic acid; EPR, electron paramagnetic

resonance; EXAFS, extended X-ray absorption fine structure; FeFe- catalytic activity @9, 20. KBPA_P is the only PAP whose
BSPAP, BSPAP with iron at the ferric and ferrous sites; FeZn-BSPAP, X-ray structure has been determin@d (29. Although there

BSPAP with iron at the ferric site and zinc at the ferrous Site; FeZn- |S ||tt|e Overa” sequence homology between KBPAP and the
BSPARive FEZN-BSPAP as found in native BSPAP preparations;

Fezn-BSPAPMoO;, FeZn-BSPAP complexed with molybdate; Fezn-  Mammalian enzymes, all the metal-coordinating amino acids
BSPAPPQ,, FeZn-BSPAP complexed with phosphate; Fezn-Uf, Uf and some amino acids in the proximity of the dinuclear metal
with iror; at thelferri(cj: sitehand |Zirt]>(<:j at the ferr?.;%fite; FeZn]IfMOm center are conserved among all purple acid phosphatases,
Fezn-Uf complexed with molybdate; FeZn , Fezn-Uf com- - PR R - .

plexed with phosphate; HEPESL(2-hydroxyethylpiperazine¥-2- suggesting a similarity in active ;lte structure be+tween the
ethanesulfonic acid; KBPAP, purple acid phosphatase of red kidney F€Zn center in KBPAP and the mixed-valenfFee”" state
beans; MES, 2N-morpholino)ethanesulfonic acid; PAP, purple acid of the mammalian enzyme®23). The recently reported

phosphatasep-NPP, disodium salt op-nitrophenyl phosphate; PP, _ _ ifi i
brotein phosphatase: PPL. protein phosphatase 1. PP2B, proteinX ray structures of two Ser/Thr-specific protein phosphatases

phosphatase 2BP.; microwave power at half-saturation; SOD, (PP’S.), protein phosphatase 2B (or calcineur#¥, 29 and
superoxide dismutase; Uf, uteroferrin. protein phosphatase 2&, 27), revealed the presence of a
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dinuclear metal center with a coordination environment therefore postulated for Fe=e*"-BSPAP: a ‘spectroscopic’
identical to the KBPAP active site, except for the absence site with very high affinity for phosphate, and a ‘catalytic’
of the tyrosinate ligated to Eethat gives the PAP’s their  site where substrate binds, with much weaker affinity for
characteristic purple color. A sequence motif incorporating oxoanions. An alternative explanation for the BAdttivity,
most of the metal-coordinating amino acids found in the PAP which has been suggested to explain the activities found after
and PP structures has now been identified in a large groupoxidation of Uf 33) and the FeFe-substituted form of
of phosphoesterases, including other phosphomonoesterasesalcineurin 88), is that these phosphatases contain small
diadenosinetetraphosphatase, exonuclease, 'amackosi- amounts of an FeZn form, which cannot be inactivated by
dases?8—30). Among all these phosphoesterases, the metal oxidation. This possibility was considered by Dietrich et
center and catalytic mechanism are probably best characteral. for BSPAP, but the inability of EDTA to inactivate
ized for the PAP’s. BSPAR, was put forward by them as an argument against

The active state of the mammalian PAP’s is clearly the this explanation. It was expected that EDTA would extract
FetFe2t oxidation state. Oxidation of the mammalian the zinc ion from the divalent metal site, since EDTA was
PAP’s to the F&Fe*" state results in a decrease of the known to extract the zinc ion from KBPAR(Q).

phosphatase activity to-510% @1-33), while reduction by In this study, we have prepared the Fezn form of BSPAP
dithionite to the diferrous state results in the destruction of from apo-BSPAP and carefully characterized its kinetics and
the metal center and the release of'Hgl6, 349. The metal  its EPR spectroscopic properties. These results were then

content and active oxidation state of the PP’s are still the compared to the corresponding properties of BSRAdhd
subject of some debate3§). The identification of a  demonstrate that BSPAP contains an ‘impurity’ of FezZn-
superoxide dismutase (SOD) as a factor that protects cal-BSPAP that can account quantitatively for the activity
cineurin against inactivation lead Klee and co-workers to observed after oxidation of BSPAP. The intrinsic catalytic
propose that the PeZn?* state is the active oxidation state activity of FéFe*-BSPAP, if any, is therefore less than
in calcineurin, and that SOD protects the enzyme from 19 of the F&"Fe*" activity. The implications of this finding
inactivation by preventing the oxidation to the’F&n** state  for the other PAP’s, the PAP catalytic mechanism, and the
(36). This proposal is in conflict with reports from Rusnak physiological role of PAP’s are discussed.

and co-workers, who showed that the strong reductant

dithionite inactivated both the native FeZn calcineurin and EXPERIMENTAL PROCEDURES

its FeFe derivative37). Additional EPR redox titrations ) ) )

on the FeFe derivative of calcineurin clearly showed that, General. Unless stated otherwise, protein solutions con-
as in the purple acid phosphatases, the mixed-valéhEEe tained 40 mM sodium acetate, 1.6 M KCI, and 20% (v/v)
state is the catalytically active oxidation stad8)( As with glycerol, pH 5.0. Optical spectra were measured on an
the PAP’s, the activity of FeFe-calcineurin was diminished HP8452A diode array spectrophotometer. Bovine spleen

by the addition of hydrogen peroxide, but not completely purple acid phqsphatase was isolated as previously described
abolished. A remarkable difference between the PAP’s and (34 Preparations hafgonn{Asss nmratios of~14. Fezn-
calcineurin is their catalytic efficiency as expressed in the BSPAP was prepared as described previously by addition
turnover number for the hydrolysis gnitrophenyl phos- ~ ©f FeCk and Zn(OAc) to apo-BSPAP34). Protein deter-
phate, which is 180074 for BSPAP @4) but typically only mination was done by measuring the absorption of the
26 s for calcineurin 89).2 tyrosinate-to-F& charge-transfer band at 536 nen< 4080

Assuming that all of the enzymatic activity observed is M~t-cm™).
due to the diferric form, the-510% activity remaining after Metal Analyses. Metal analyses were performed on a
oxidation of BSPAP and Uf by hydrogen peroxide corre- Hitachi 180-80 polarized Zeeman atomic absorption spec-
sponds to & of 100-200 s1. This value is larger than  trometer equipped with a graphite furnace. Adventitious
the ket Values observed for calcineurin, and suggests that metal ions were removed from protein and buffer by passage
the Fé'Fe** form itself is a reasonable good catalyst. through a Chelex-100 column (Bio-Rad).
Dietrich et al. have clearly demonstrated that this BSRAP Kinetics. Enzyme assays were performed by monitoring
activity does not result from incomplete oxidation of the the formation of p-nitrophenolate at 410 nm from the
Fe*tFe?t cluster, since the EPR spectrum of a concentrated hydrolysis ofp-nitrophenyl phosphate. At several times after
BSPAR, sample showed the complete absence of the typicalenzyme addition, 250/50@L aliquots were taken and
g < 2 signal characteristic of FeFe#t-BSPAP (32). In quenched by mixing with 1.5 mL of 0.5 M NaOH to convert
addition, the pH dependence of BSPARas shown to be  all product to the phenolate forne & 16.6 mM -cm™2).
different from that of BSPAR: They therefore concluded Since BSPAP is partly inactivated in dilute solutions, the
that the Fé'Fe*" form of BSPAP was responsible for the enzyme was diluted in 50 mM sodium aceta?eM KCI,
catalytic activity. A remarkable finding of their study was and 0.5 mg/mL BSA to prevent inactivation. BSPARas
that the oxidation of the FéFe*t form to the FétFe** form prepared by incubation of BSPAP with 2 mM hydrogen
did not drastically affect the substrate affinity, as simiar peroxide for 10 min at OC, followed by dilution in the 0.5
values were determined for BSPARNd BSPARy Spec- mg/mL BSA-containing buffer. Specific activities of
troscopic studies, however, showed a much stronger affinity BSPAR, and FeZn-BSPAP were measured in a buffer
for phosphate for oxidized BSPAP compared to the mixed- containing 100 mM Na-MES, 200 mM KCI, and 10 mM
valent Fé"Fe*" state 81). Two anion binding sites were  p-NPP, pH 6.00. To prevent oxidation, Fe(lKHSO), (0.2
mM) and ascorbate (15 mM) were added for BSRAPRH

2 Calcineurin is activated by M. The turnover number was  Profiles were measured in 100 mM buffer (NaOAc, Na-MES,
obtained in the presence of 1 mM K or Na-HEPES), 200 mM KCI, and 2 or 50 mMNPP. pH
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values were measured immediately at the end of the assay [EL] = [EiotallL torad/(Kg + [L oad) 3)
(2 min after the addition of enzyme). For each determination
of Kw and Vimay the hydrolysis rate was measured at nine  For molybdate binding, where the protein concentration

different p-NPP concentrations between 0.3 and 50 mM. is Comparab|e or h|gh ComparedK@y eq 2 can be rewritten
Values ofKy andVmax were obtained by a nonlinear fit of gg

the Michaelis-Menten equation using the program Enzyme-
Kinetics (Trinity Software). Kg={([Ewotal — [ELD(IL iorad — [ELD}EL]  (4)
EPR SpectroscopyX-band EPR spectra (9.43 GHz) were
obtained on a Bruker ECS106 EPR spectrometer, equipped 2 _ —
with an Oxford Instruments ESR900 helium-flow cryostat [EL] (L torald + [Evotal T KIEL] + [Lioral [Eoral (50)
with an ITC4 temperature controller. Spectra at 77 K were
measured in a quartz dewar filled with liquid nitrogen. The 2[EL] = (L iorad + [Eigrad + Kg) +
magnetic field was calibrated with an AEG Magnetic Field 2 12
Meter. The frequency was measured with an HP 5350B {(—[Liotal — [Eotal = K — 4L iotal [Eroal} ™ (6)
Microwave Frequency Counter.
EPR spectra of high-spin ferric complexes were analyzed
using the spin Hamiltonian:

with EL = enzyme-ligand complex; ke = unligated

enzyme; ki = total amount of enzyme; .. = nonbound

ligand; Loty = total amount of ligand.

H=H +H . 1) Equations 3 and 6 were fitted using a nonlinear least-
Zeeman © © 7 zero field squares fit procedure using the program Igor (WaveMetrics)

to obtain values foKg.
whereHero fiels= D[S? — Y5(S(S+ 1)) + (E/D)(SE — S?)] d

and Hzeeman= SeSgoB. RESULTS
In the weak-field regime, whelD| > 5.SdoB, values for

ger depend only ofE/D and are frequency-independeat ( The goal of this study was to establish whether the residual

i el +
19) The EPR ¢ f a hiah-spin ferri | activity of BSPAR, originates from F&-Fe**-BSPAP or
) © spectrum of & nign-spin Jerre complex can from an ‘impurity’ of FeZn-BSPAP (which is insensitive to

then be analyzed in terms of tE#D value(s) of the species L, . .

responsible for the EPR spectrum. We used the program.ox'dat'on) In native BSPAP' F_eZn-BSPAP was prepared

RHOMBO for this analysis42). in order to compare |t§ properties Wlth'those of BSRAP
FeZn-BSPAP was obtained by the addition ofFand Zri#*

to apo-BSPAP 34). FeZn-BSPAP prepared in this way

showed a tyrosinate-to-Fe charge-transfer band at530

nm with an extinction coefficient which is only slightly lower
at30 K @3, 49. It was assumed that the Kramers doublet than the 4080 M*-cm™? of the native enzyme. It contained

that corresponds to thg = 4.3 signal (x3/2) was fully 4 49 4 59 mol of Fe and 0.96 0.03 mol of Zn per mole

gﬁguéaﬁeﬁaﬁtosn? gﬁ;|C:f?§§;ng;Tﬁetierz?gfsﬁtgsreo? E(t)vtvk? tehne40f protein. Its specific activity was higher than that of native
= y = . S FeFe-BSPAP and was not affected by the addition of 2 mM
g = 4.3 and theg = 9.6 signals, indicating a low value of

the zero-field splitting paramet@ (|D| < 1 cn?). hydrogen peroxide, which is consistent with the replacement

o : — of the ferrous iron by zinc34). Table 1 shows that both
e e e byt o oo o K i for Tyl -nivopheny| phosphiae a

; A pH 6.00 are affected by the Feto-Zr?* replacement. This
50 mM and 1.00 M stock solutions of I6RG, in Millipore is in contrast to previous studies, which reported the same
water. The molybdate complexes were prepared by the kinetic parameters for B&Zn2*-PAP and F& Fe2"-PAP (1
addition of small amounts of 2 and 5 mM stock solutions of 18 '

Na,MoO, in MiIIipor_e water, pH~8. Alter characterization T.he EDTA insensitivity of BSPAR was used by Dietrich
by EPR of the unligated protein, the sample was thawed, et al. to rule out the possibility that the activity of BSPAP

and ar:jgtliguot r?f a conclzentrate(:] stockhsloluti_ondof thdefanion originated from a small fraction of FeZn-BSPAP, as they
was adde '.T € sample was thoroughly mixed an r.ozenexpected EDTA to extract the divalent zinc i@2). They
again in liquid nitrogen, and a new spectrum was obtained. also reported the inactivation of F&e-BSPAP upon

This process was repeated, and spectra were obtained o[, hation with 0.1 M EDTA. We incubated FeZn-BSPAP

seve:all anlorlw_t c(;)ncentratlons. tASI?n ttr:]oncetr)wtratlonst g.?d (0.37uM) in a solution containing 50 mM sodium acetate
spectral amplitudes were corrected for the subsequent aiiu-a,q > v ke, pH 5.0, both in the presence and in the absence

tions taking place. of 0.10 M EDTA. At several times, aliquots were taken,

Spin quantitation was performed by direct double integra-
tion of the FeZn-BSPARPQ, spectrd and a Cé' standard
(9.88 mM CuSQ, 2 M NaClQ,, 10 mM HCI), both collected

Equation 2 was used to analyze the titration data. and their activity was determined (10 mMNPP, 100 mM
Na-MES, 200 mM KCI, pH 6.0, 22C). The sample without
Ka = [EfedIL ted/[EL] (2) EDTA had a specific activity of 42 1 units/mL, while the

specific activity of the EDTA containing sample was 41
For phosphate binding, where the protein concentration is 1 units/mL. No inactivation was observed for up to 3 h.
small compared to th&y and [Llee & [L] 1o, €9 2 can be  This finding is in marked contrast to results obtained with
rewritten as eq 3: KBPAP, where incubation with EDTA has been reported to
result in the abstraction of 2h from the active site40). In

3The abbreviations P£and MoQ, are used without specifying the ~ Contrast to the results of Dietrich et aB2), we found that
actual state of protonation of these oxoanions. inactivation of Fé"Fe&-BSPAP by EDTA is not observed
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Table 1: Kinetic Parameters for the HydrolysismNPP by Table 2: Zinc Content and Activity after Hydrogen Peroxide
BSPARq BSPAR,, and FeZn-BSPAP Treatment for Three Native BSPAP Batches and FeZn-BSPAP
enzyme Ku (mM) Keat x 1073 (s7Y) [protein] [Zn] [zn)/ activity  activity/[Zn]
b : ; :

BSPAR." 12(0.2) 1.8(0.1) batch (uM)2  (uM)® [protein] (units/mLY (units/nmol)

BSPAR® 3.7(0.4) 0.28 (0.02) BSPAP #1 89 101 0.11 800 80

FeZn-BSPAP 3.3(0.4) 2.8(0.2) BSPAP #2 88 10.4 0.12 1120 108

: P : - BSPAP #3 101 147 0.15 1330 91

aNumbers in parentheses are standard deviation vaddigs.defined FeZn-BSPAP 166 156 0.94 21600 138

as the number of substrate molecules hydrolyzed per enzyme molecule
per second? Assays were performed at 22 and pH 6.0 in a buffer a Protein concentration was determined by measubigg nm with
containing 100 mM Na-MES, 200 mM KCI, 15 mM ascorbate, and €., nm = 4080 M *-cm. ® Determined by AAS using Chelex-100-
0.2 or 2 mM Fe(NH)2(SQy).. ¢ Assays were performed at 2€ and treated enzymée. Activity after incubation with 2 mM HO, (10 min;
pH 6.0 in a buffer containing 100 mM Na-MES and 200 mM KCI. 0°C) in 100 mM Na-MES, 200 mM KCI, 10 mM-NPP, pH 6.0.

50 mM p-NPP 2 mM p-NPP T T T T T
1) ] 1 1 1 1) ] I 3
1.0+ BSPAPred 1.0-] BSPAPred
[+

0.5 0.5

0.0 L e 0.0 I |
@ 3 4 5 6 7 8 9 3 4 5 6 7 8 9
"é 1 T T 1 1 1 1 1 1 1
S o4 BSPAPx g 1.04 BSPAPOX
> .
g
5
& 054 0.5
2
=
< 00 L 0.0 S L

3 4 5 6 7 8 9 3 4 5 6 7 8 9
1 i L] 1 1 1 L] d ] L]
1.0+ Fezn-BSPAP 1.0 FeZn-BSPAP
959 0-5- 1 1 1 1 1
100 200 300 400 500 600
00 ‘:. ; els ; s 9% 9 Magnetic Field (mT)
pH FiIGURE 2: EPR spectra of (A) FeZn-BSPAP (1#) and (B, C)
Ficure 1: pH dependences of BSPAR(top), BSPAR, (middle), FeFe-BSPAP (66%M). The amplitudes of (A) and (B) were

and FeZn-BSPAP (bottom) at 50 mgtNPP (left) and 2 mM corrected for differences in instrument gain, protein concentration,
p-NPP (right) at 22°C. Assays for BSPAR; were performed in and tube dimensions between the two samples. Spectrum C is
100 mM buffer (Na-salt), 200 mM KCI, 15 mM ascorbate, and 0.2 SPectrum B after 15-fold enlargement. Buffer: 40 mM sodium

, 1 , % (v/v) glycerol, pH 5.0. EPR
MM Fe(NH,)»(SOs),. Assays for BSPAR and FeZn-BSPAP were ~ acetate, 1.6 M KCI, and 20 ) 9
pen‘ornged i212(100 )nz1M buffyer (Na-salt) z;nd 200 mM KCI. Activities  conditions: microwave power, 2.0 mW; microwave frequency, 9.43

are in arbitrary units and were scaled to obtain the same maximal GH2: modulation, 12.7 G at 100 kHz; temperature, 4.1 K.

activities for all profiles (the maximum activity at the pH optimum rofiles represent mainly the eff f pH he pH
was as follows: BSPAR/50 mM p-NPP, 2930 units/mg; profiles represent mainly the effect of pH fha the p

BSPAR.¢2 mM p-NPP, 1690 units/mg; BSPAP50 mM p-NPP, optimum is qt pH 6.3 for all three BSPAP forms. _The
275 units/mg; BSPAR/2 mM p-NPP, 164 units/mg; Fezn-BSPAP/  BSPAReq profile is broader, however, and extends to higher
50 mM p-NPP, 4380 units/mg; FeZn-BSPAP/2 mi/NPP, 1670 pH compared to both BSPARand FeZn-BSPAP, which

units/mg). The solid lines were drawn for illustration purposes only display identical pH profiles. At 2 mM»-NPP, where the
and do not represent a theoretical fit. pH profiles represent pH effects on bota and Ky, the
when the activity assay is carried out in the presence of asame trends can be observed. The appatenofthe basic
reductant (F&/ascorbate). limb is at 7.2 for BSPARy and at 6.5 for both BSPAR
Although the activity of BSPAR; is only 5-10% that of and FeZn-BSPAP. Qualitatively, these trends for BSRAP
BSPAR.q, similar Ky values and inhibition constants have and BSPARqare the same as those reported by Dietrich et
been reported for both BSPAPand BSPAR, (32). The al. using 10 mMa-naphthyl phosphate as the substr8® (
pH optimum of BSPAR was reported to be shifted to lower The inability of EDTA to inactivate FeZn-BSPAP, the
pH values relative to that of BSPAR Table 1 compares identicalKy values for BSPAR and FeZn-BSPAP, and the
the Ky values for BSPARy, BSPAR,, and FeZn-BSPAP identical pH dependence for BSPA&RNd FeZn-BSPAP all
for the hydrolysis ofp-NPP at pH 6.0. Th&y values of indicated that native BSPAP might contain an ‘impurity’ of
FezZn-BSPAP and BSPAPRare identical and significantly = FeZn-BSPAP. To see whether BSPAP preparations con-
higher than that observed for BSPAP Figure 1 shows the  tained sufficient amounts of zinc to account for the residual
pH dependences of BSPAR BSPAR,, and FeZn-BSPAP  activity after oxidation, the zinc content and the activity of
at 50 and 2 mMp-NPP. At 50 mMp-NPP, where the pH  BSPAR, were determined for three different preparations
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FIGURE 3: EPR spectra of (A) FeZn-BSPAP, (B) FeZn-BSPAP Ficure 4: EPR spectra of (A) FeZn-BSPAR.. (B) FeZn-
POy, and (C) FeZn-BSPAR0O,. The spectra were normalized BSPARaivePOs, and (C) FeZn-BSPARiw«Mo0O,. The spectra

to give similar signal heights. Buffer: 40 mM sodium acetate, 1.6 were normalized to give similar signal heights. Buffer: 40 mM
M KCI, and 20% (v/v) glycerol, pH 5.0. EPR conditions: micro- sodium acetate, 1.6 M KCI, and 20% (v/v) glycerol, pH 5.0. EPR
wave frequency, 9.43 GHz; modulation, 12.7 G at 100 kHz. FeZn- conditions: microwave frequency, 9.43 GHz; modulation, 12.7 G
BSPAP: 0.17 mM protein; microwave power, 0.502 mW; tem- at 100 kHz. FeZn-BSPAR:« 0.67 mM protein; microwave power,
perature, 4.1 K. FeZn-BSPAPQO,: 0.15 mM protein and 94 mM 0.502 mW; temperature, 4.1 K. FeZn-BSRAR:PO;: 0.63 mM
KH,PQ,; microwave power, 7.96 mW; temperature, 30 K. FezZn- protein and 48 mM KHPO,; microwave power, 12.6 mW;

BSPARPMo0O,: 0.13 mM protein and 50gM Na;MoQO,; micro- temperature, 30 K. FeZn-BSPAR.«MoO,. ~0.5 mM protein and
wave power, 0.502 mW; temperature, 4.9 K. 0.88 mM NaMoO,; microwave power, 0.502 mW; temperature,

49 K
of BSPAP. Table 2 shows that these BSPAP batches

contained 0.160.15 mol of zinc per mole of protein.  geyeral high-spin Fé species with different rhombicities.
Specific activities after oxidation by hydrogen peroxide Tpe signal alg = 6.5 belongs to the ground doublet of a
ranged from 80 to 108 units/nmol of Zn. Since these values species withE/D ~ 0.02, and that ag = 5.9 to the middle
are all lower than the specific activity of FeZn-BSPAP (138 kramers doublet of the same species. A more rhombic
units/nmol of Zn), the zinc content is indeed sufficient to species WitHE/D ~ 0.08 is responsible for the peaksgat:
account for the BSPARactivity in all three BSPAP batches. 5 7 (ground doublet) and = 5.8 (middle doublet). The
The kinetic parameters and metal content of BSEARe hirg species that can be readily observed is the shasp
consistent with the presence of an FeZn-BSPAP ‘impurity’ 4 3 signal of a high-spin F&in a rhombic environmen&(D

in preparations of native FeFe-BSPAP, but they do not _ ( 33) |t has been proposed by several studies that the
constitute conclusive evidence. A concentrated sample of o i iron in PAP coordinates a water ligand with &.p

(natiye) FeFe-BSPAP (0.67 mM) was therefore prepared to 5.qund 4.5 32, 45-47). To determine whether the two
see if the EPR signal characteristic of FeZn-BSPAP could major components in the FeZn-BSPAP spectriD(=

be detected. Figure 2 shows the EPR spectra of FeZn-g o2 and 0.08, vide infra) correspond to the water and
BSPAP and native BSPAP at EPR conditions (microwave pyqroxide ligated FeZn centers, spectra were measured at
power, temperature) that are optimal for the native enzyme. 514 4 » 52 ‘and 5.91, but no clear differences were detected
The spectrum of FeZn-BSPAP consists of' severa! 1‘eaFures(Spectra not shown). The spectrum does not show any sign
atg = 7;6' 6.5, 5.8, and 4.3 that are consistent W'th+h'9h' of temperature broadening up to 30*KThe EPR spectrum
spin Fé". The characteristic EPR signal of ¥ere’'- of FeZn-Uf has also been shown to be composed of several
BSPAP aig = 1.86, 1.73, and 1.58 is totally absent in the  pjgh_gpin F&* species with various rhombicitiet§). Based
FeZn-BSPAP sample. At the position of the FeZn-BSPAP 5 the relative intensities of the various peaks, these authors
signal, the spectrum of native BSPAP shows a weak peakconclyded that thg = 4.3 signal, which is more prominent
atg = 4.3 along with a very weak, broad feature betwgen i, the Fezn-Uf spectrum than in our FeZn-BSPAP spectrum,
=10 andg = 5. 15-fold enlargement of this feature (Figure represented the majority of the high-spirfFe The nearly

2C) reveals a spectrum that is very similar to that of FeZn- isotropic signal aj = 4.3 is much sharper than the broad
BSPAP, providing spectroscopic evidence for the presence

of FeZn-BSPAP in native BSPAP preparations. We will This behavior & o Jearlior for FezmBSPAP
; ; _ is behavior is in contrast to that reported earlier for FezZn- ,
refe.r to this species as FeZn-BSRAR . but very similar to FezZn-Uf. The previously reported FeZn-BSPAP
Figure 3A shows the EPR spectrum of FeZn-BSPAP in a5 however, prepared via a different procedure and utilized the so-
more detail. The spectrum shows peaks that belong tocalled low-salt form of BSPAP1).
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and anisotropic signals of the species Wi = 0.02 and T T T T T
E/D = 0.08, however, making it easy to overestimate the
contribution of this species to the spectrum. The integrated T
spectrum of Figure 3A (not shown) indicates that the

4.3 signal represents only a small fraction of the total EPR-
detectable iron. The majority of the high-spin3Fes
therefore represented by the more axial species. The
broadness of these features, which may result from a
combination of£/D strain,g-strain, and the anisotropic nature
of the spectra, may have precluded their detection in previous
EPR studies on BSPAP. It also makes spin integration of
the various species (or their sum) difficult.

Figure 4A shows the FeZn-BSPARe spectrum as
observed in the concentrated native BSPAP sample. Al-
though not identical to the FeZn-BSPAP spectrum, it consists
of the same principal components. As with FeZn-BSPAP,
peaks can be detected gt= 7.6, 6.5, 5.85.9, and 4.3,
which correspond to species wiliD = 0.08,E/D = 0.02, \
and E/D = 0.33. An additional, very weak peak can be Y
observed atg = 6.8, which corresponds to aB/D of Tt l
~0.035. The saturation behavior of FezZn-BSPAP and 0 20 40 60 80 100
FeZn-BSPARv is the same, bothtal K and at 30 K. [phosphate] (mM)

Figure 3B shows the EPR spectrum of the phosphate e L
complex of FeZn-BSPAP. The FeZn-BSP4¥®, spectrum 50 100 150 200
shows an intensg = 4.3 signal corresponding to the middle P
Kramers doublet of high-spin Fein a rhombic environment Magnetic Field (mT)

(E/D ~ 0.33). A small peak aj = 9.6 (~100 times weaker), ~ FIGURES: EPR titration showing the conversion from FeZn-BSPAP

; " ; : to FeZn-BSPAFRPQ,. Spectra were collected at 0, 0.54, 1.1, 4.2,
correspon_dlng to transitions in the Iowe_st and _hlghest 48, and 94 mM KHPO, and~0.16 mM protein in 40 mM sodium
doublets, is also observed. This spectrum is very similar to 5cetate, 1.6 M KCI and 20% (v/v) glycerol, pH 5.0. The arrows

the EPR spectrum of FeZn-tHQ, (18). The titration indicate increasing phosphate concentration. EPR conditions: mi-
experiment in Figure 5 nicely shows the conversion of the crowave power, 7.96 mW; microwave frequency, 9.43 GHz;
broad sighl of FeZr-ESPAP Ino the sharp signegae  [IMBIED 127 0 8100z iemperaies, 2K oot rsjetes
4.3 of FeZn-BSPAFPQ, (note the different IntenSI_tles for concer?tration. Curvgs describg best fits of eq 3 under Expeﬁmental
the broad 5< g < 10 feature and the shagp= 4.3 signal). Procedures.
Both theE/D = 0.02 and thé=/D = 0.08 species are affected
simultaneously and similarly by the addition of phosphate, enzyme corresponds quantitatively to the activity found after
confirming that both species belong to iron in the FeZn active oxidation. The activity of FEFe™-BSPAP, if any, is
site. Fits of the signal intensities gt= 6.5 andg = 4.3 as therefore less than 1% of the activity of FE€"-BSPAP.
a function of phosphate concentration gaGgvalues of 8 Anion inhibitors of PAP can be divided into two classes.
+ 2 and 9.3+ 0.6 mM, respectively. The addition of The first consists of phosphate and arsenate, which show
phosphate to the native BSPAP sample converts the FeZn{mixed) competitive inhibition withK;j's in the millimolar
BSPAR.ive EPR signal to the same shagp= 4.3 signal range, have similar effects on the EPR spectra of FeFe-PAP
observed for FeZn-BSPAPQ, (Figure 4B). Phosphate and FeZn-PAP, and enhance the oxidation &f F&"-PAP.
titration experiments were also performed in the absence of The second class consists of molybdate and tungstate, which
glycerol (in 50 mM sodium acetat®@ M KCI, pH 5.0; not show noncompetitive inhibition witK;'s in the micromolar
shown). Ky values of~1 mM for both FeZn-BSPAP and range, have similar (but different from phosphate) effects
FeZn-BSPARuieWere obtained, indicating similar affinities  on the EPR spectra of FeFe-PAP and FeZn-Uf, and stabilize
for phosphate for both species. Removal of the phosphatethe Fé*Fe’" state of PAP against oxidationld, 48-50).
by several dilution/concentration steps with phosphate-free The EPR spectrum of FeZn-tloO, was reported to be
buffer resulted in the original FeZn-BSPAP EPR spectra, different from those of FeZn-Uf and FeZn-Bi0,, consisting
showing that the effect of phosphate on the EPR spectra is(mainly) of a species witlg-values at 6.92, 5.85, and 5.06,
reversible. corresponding t&/D = 0.04. Figure 3C shows that the EPR
The EPR spectra of the FeZn-BSPR®, complexes are  spectrum of FeZn-BSPAMO0Q, is very similar to that of
nearly isotropic, which facilitates their integration and the FezZn-UfMoQ,, with g-values at 6.79, 5.86, and 5.08/D
determination of spin concentrations. Spin concentrations ~ 0.035). The titration experiment in Figure 6 shows the
of 161 and 38.3«tM were calculated for the FeZn-BSPAP  conversion of FeZn-BSPAP to FeZn-BSPMdO,. Again,
and the FeZn-BSPAR.. samples, respectively. Activity both theE/D = 0.02 and thé&=/D = 0.08 species are affected
measurements of both EPR samples after oxidation by simultaneously and similarly by the addition of molybdate,
hydrogen peroxide gave specific activities of 134 units/(nmol confirming that both species belong to iron in the FeZn active
of g = 4.3 Fé") for FeZn-BSPAP and 128 units/(nmol gf site. A fit of the difference between the= 6.8 intensity
= 4.3 Fé") for FeZn-BSPAR.ive In other words, the and theg = 6.0 intensity as a function of molybdate
amount of FeZn-BSPAP detected by EPR for the native concentration gave K, value of 12+ 3 uM and [FeZn-

1X
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Ficure 6: EPR titration showing the conversion from FeZn-BSPAP
to FeZn-BSPARMO0O,. Spectra were collected at 0, 31, 61, 90,
145, and 50&«M Na,MoO, and ~0.13 mM protein in 40 mM
sodium acetate, 1.6 M KCI, and 20% (v/v) glycerol, pH 5.0. The
arrows indicate increasing molybdate concentration. EPR condi-
tions: microwave power, 7.96 mW; microwave frequency, 9.43
GHz; modulation, 12.7 G at 100 kHz; temperature, 30 K. Inset:
the difference of the signal intensities betweper 6.8 andg =

6.0 as a function of molybdate concentration. The solid line
describes the best fit of eq 6 under Experimental Procedures.

600

50

BSPAP] = 130 + 6 uM. Removal of the molybdate by
several dilution/concentration steps with molybdate-free
buffer resulted in the original FeZn-BSPAP EPR spectrum,
showing that the effect of molybdate on the EPR spectrum
is also reversible.

Figure 4C shows the EPR spectrum of FeZn-BSRAF
MoQ,. This spectrum is again very similar to the FezZn-
BSPAPMOo0OQ, spectrum, confirming our identification of
these high-spin Pé signals as originating from FeZn-
BSPAP. The only difference between Figure 3C and Figure
4C is the height of thg = 4.3 signal, which is more intense
for FeZn-BSPARxiveM0Q,. This corresponds to only a
small amount of the total iron and is probably due to the
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identical to those of FeZn-BSPAP, while small but significant
differences in th&ky and the pH dependence are detected
for BSPAReq (2) BSPAP preparations contain sufficient
amounts of zinc (0.£0.15 Zn per protein) to account for
the BSPAR activity if it is attributed to FeZn-BSPAP; (3)
careful inspection of the EPR spectrum of native BSPAP
reveals the presence of an EPR signal that is very similar to
that of FeZn-BSPAP; (4) the binding of phosphate and
molybdate to FeZn-BSPAP and FeZn-BSRAR results in

the same characteristic EPR spectra; (5) spin quantitation of
the FezZn-BSPARPQO, and FeZn-BSPAR:«PO, spectra
shows a quantitative relationship between the spin concentra-
tion of FeZn-BSPAR.ie. and BSPAR activity.

Residual phosphatase activity-{30%) after oxidation of
PAP’s has been observed by several groups both for BSPAP
(32, 57 and for Uf 33). Dietrich et al. showed that this
activity is not due to residual EeFe#t-BSPAP, since a
concentrated BSPARsample showed ng < 2 signal. They
also observed a shift in the pH dependence for BSRAP
compared to that of BSPAR The EDTA insensitivity of
BSPAR, was used by Dietrich et al. as an argument against
the possibility that the activity of BSPARoriginated from
a small fraction of FeZn-BSPAP, as they expected EDTA
to extract the divalent Z ion. We found that FeZn-BSPAP
is not inactivated by EDTA, but we did find EDTA to
inactivate Fe&"Fet-BSPAP. Our observation that this
inactivation is not observed in the presence dfFascorbate
in the assay mixture suggests that EDTA does not extract
Fe*t (or Zr?™) from the active site, but may enhance its
oxidation to F&". To account for the very different affinities
for various oxoanions such as phosphate as determined by
kinetic measurements and spectroscopic measurements, two
anion binding sites had to be postulated by Dietrich et al.
The binding of phosphate at the ‘spectroscopic site’ was very
strong and elicited changes in the optical spectra, but did
not affect catalysis. The binding of anion inhibitors (and
substrate) at the second site was responsible for the inhibition
of catalysis and was much weaker (but similar for BSRAP
and BSPARy). Our identification of the BSPAR activity
as originating from FezZn-BSPAP explains the different
affinities for oxoanions as observed via kinetic and optical
measurements on BSPARvithout the need to postulate two
oxoanion binding sites. A minority species, the FeZn-
BSPAR..ive fOrm, is responsible for the kinetics, while the
optical spectra are dominated by the major species present,
Fe*Fet-BSPAP. These and other activity studies on
oxidized PAP’s should therefore now be reinterpreted, as
they reflect properties of FeZn-PAP and not of Freet-

release of some iron from denatured BSPAP that may havePAP-

formed during the repetitive freezing and thawing of the
sample. Theg = 4.3 signal is probably not due to FeZn-
BSPARPQ,, since it is not affected by the addition of
molybdate, which we would expect to replace the less
strongly bound phosphate.

DISCUSSION

Although this report and the study of Dietrich et al. both
used BSPAP, our findings are probably also relevant to other
members of the mammalian PAP’s. This is supported by
the fact that various spectroscopic studies, both on BSPAP
and on Uf, have reported the presence of small impurities
with high-spin F&". Small g = 4.3 signals have been
reported in several EPR studies on UfB( 52-54) and
BSPAP (l, 32, 50. In a study on the binding of phosphate

In this paper, we demonstrate that the phosphatase activityto Uf, EPR spectra showed the appearance of a sharp feature

that remains after treatment of BSPAP with hydrogen
peroxide is due to a small ‘impurity’ of FeZn-BSPAP. The
following evidence for this assignment is provided: (1) both
the Ky value and the pH dependence of BSBARre

at g = 4.3 upon addition of phosphat&4). In hindsight,
this finding indicates that thig = 4.3 signal originated from
the phosphate complex of an FeZn-Uf ‘impurity’. Magnetic
susceptibility studies of PAP’s have also reported the
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H a hydroxide nucleophile, which in principle can be either
Fe3+/ NFe2+ the nonbridging hydroxide, coordinated to the ferric iron, or
the hydroxide that bridges both metal ions. The hydrolysis
HOPO*  OH OH, ROPO;*

is known to occur with inversion of the configuration around
zﬂzo\) L H,0 the phosphorus, providing strong evidence for direct attack
of water on the substraté§). In the final step, the phosphate

W is released. In principle, the inactivity of F&e*"-BSPAP

Fe3"/°\Fe2+ Fe3+/9\}Fe2* may resqlt.from an in_ability to bind substrat_e. The structure
| | of the oxidized sta_te is unknown and may differ S|g_n|f|c_antly
NP e oH? \ 9 from that of the mixed-valent state. This explanation is less

//P\ ROH o—p likely, however, since it is well-known from optical spec-
d o 7 Non troscopy 82, 49 and EXAFS B9, 6Q that Fé*Feé*-BSPAP

Ficure 7: Hypothesis for the role of the metal center in the does bind phosphate and other oxoanions such as arsenate,
enzymatib mechanism of bovine spleen purple acid phosphatase.tungState’ an(_j molybdate. In fact, phos_phate binding to-Fe
Fe*-BSPAP is so strong that gel filtration chromatography

presence of small amounts of high-spirfFeL, 14, 54, 55. is not able to remove the phosphate from®fe"-
We would expect that a more careful analysis ofghe 10 ~ BSPAPPQ,. Fe"Fe’"-BSPAP is therefore probably still
to g = 5 region of the EPR spectrum of Uf and other able to bind substrate3{). Whether the subsequent hy-
mammalian PAP’s and their anion complexes will also reveal drolysis step still takes place remains to be established. But
the presence of FeZn-PAP in these preparations. even if it does, the bridging phosphate complex that is then
The EPR spectra of FeZn-BSPAP and its phosphate andformed is likely to be so stable that the enzyme can no longer
molybdate complexes are very similar to those of FeZn-Uf release phosphate and participate in another catalytic cycle.
and its corresponding anion complexes. This finding sug- |t is not clear whether the FeZn-BSPAP ‘impurity’ is also
gests the presence of similar structures for the FeZn-BSPAPpresent in vivo or whether it is formed during the purification
and FeZn-Uf active sites and indicates that the results of of the enzyme. We have observed that the relative activity
various spectroscopic studies on FeZn-Uf [EPR, Rari@n (o BSPAR, does increase significantly upon prolonged
EXAFS (56), Mossbauerg7)] are probably also applicable  ncypation of BSPAP with high amounts of zinc. For
to FeZn-BSPAP. Thus, David and Que observed a line gyample, the activity of BSPARrelative to that of BSPAR;
broadening effect on the EPR spectrum of FeZrR(, increased from 14% to 38% after incubation for 6 days at
when using PO, (originating from unresolved superhyper- 22°C in 5 mM zinc acetate. 50 mM sodium acetate. 2 M
fine interaction between the= 5/2 nuclear spin of’O and KCl, pH 5.0 (M. Merkx an(;I B. A Averill unpublisﬁed
the.electron spin), providin'g evidence.for t_he'dir_ect coordi- resnjlts). éince .no special preéau:tions ar;a normally taken
nation of phosphate to the iron. The high similarity between during protein purification to maintain zinc-free conditions,

the EPR spectra of Fezn-BSPAP and its anion complexeswe cannot exclude the possibility that the FeZn-BSPAP is

and those of FezZn-Uf and its anion complexes stronglyf d during th ificati Beck | d that th
suggests that phosphate also binds directly to the iron in!0"Met uring the purification. Beck et al. reportez that the
FeZn-BSPAP. Zn** in FeZn-KBPAP can be exchanged for ?Feby

The strong similarity between the EPR spectra of Fezn- incubation of the enzyme in excess ferrous ammonium sulfate

BSPAP and FeZn-BSPAR\. and their anion complexes, 585 mM) and 2-mercaptoethanol (136_mM) f‘?r 40 h at 25
as well as their identical kinetic properties, confirms our C (20). The presence of manganese in the binuclear metal
previous finding that the relatively small differences in Centerin PP1 may also be the result of such a metal exchange
activity that have been detected betweefEe>-BSPAP process, as these enzymes are typically stored in manganese-
and F&*Fe*-BSPAP (and also between ¥&e& -BSPAP, containing buffersZ6, 27). The advantage of having zinc
GaFe&t-BSPAP, and GHZn?"-BSPAP) B4) are signifi- at the divalent metal site, as is found for KBPAP and protein
cant and not the result of an artifact introduced by their phosphatase 2B, is the redox stability of thé'#e*" cluster.
preparation. A possible advantage of having #eat the divalent metal
Since all activity found after oxidation of BSPAP can be Site, as is found in the mammalian purple acid phosphatases,
attributed to FeZn-BSPAP, the present work provides no is the possibility to control the activity of the enzyme by
evidence in support of the contention that Fee>"-BSPAP controlling its redox state. This redox switch model is
has catalytic activity. Because it has been impossible to datesupported by the fact that the product of the reaction,
to prepare the FeFe enzyme free of contamination by thephosphate, enhances the oxidation and thus inactivates the
Fezn form, we can, however, only state that the intrinsic enzyme. One might speculate that, to provide a low level
activity of the F&"Fe** form is <1% of that of the F&- of phosphatase activity under all conditions, it may be
Fe** form. This finding is important for the understanding advantageous to also have a low level of FeZn enzymes.
of the mechanism by which PAP’s, and possibly also other
phosphoesterases with similar dinuclear metal centers, ACKNOWLEDGMENT
catalyze the hydrolysis of phosphate esters. The current
hypothesis for the catalytic mechanism is shown in Figure ~We thank S. P. J. Albracht, A. J. Pierik, and W. Roseboom
7 (22). In the first step, the substrate coordinates to the for assistance with the EPR spectroscopy, W. R. Hagen for
divalent metal in what is thought to be a fast proces.( allowing us to use the program RHOMBO, Y. Bruijn and
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