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ABSTRACT. Purple acid phosphatases (PAPs) employ a dinucleaiFeg or FetZn?t center to catalyze

the hydrolysis of phosphate monoesters. The interaction of fluoride with bovine spleen purple acid
phosphatase (BSPAP) has been studied using a combination of steady-state kinetics and spectroscopic
methods. For FeZABSPAP, the nature of the inhibition changes from noncompetitive at pHGe5)

~ Kiuncomp)~ 2 MM) to uncompetitive at pH 5.0{uncompy= 0.2 mM). The inhibition constant for AlZa

BSPAP at pH 5.0K; = 3 uM) is ~50—70-fold lower than that observed for both FeZBSAP and
GaZn—BSPAP, suggesting that fluoride binds to the trivalent metal. Fluoride binding to the eazyme
substrate complex was found to be remarkably slow; hence, the kinetics of fluoride binding were studied
in some detail for Fezn, AlZn—, and FeFe BSPAP at pH 5.0 and for FeZBSPAP at pH 6.5. Since

the enzyme kinetics studies indicated the formation of a ternary enzguiestrate-fluoride complex, the
binding of fluoride to FeZr-BSPAP was studied using optical and EPR spectroscopies, both in the presence
and absence of phosphate. The characteristic optical and EPR spectra ofBRZAPF and FeZnr-
BSPAPPOy-F are similar at pH 5.0 and pH 6.5, indicating the formation of similar fluoride complexes

at both pHs. A structural model for the ternary enzynf®ubstrate/phosphate)-fluoride complexes is
proposed that can explain the results from both the spectroscopic and the enzyme kinetics experiments.
In this model, fluoride binds to the trivalent metal replacing the water/hydroxide ligand that is essential
for the hydrolysis reaction to take place, while phosphate or the phosphate ester coordinates to the divalent
metal ion.

Purple acid phosphatases (PARslong to the growing  Fe(ll)Zn(ll) metal center, but shows kinetics and spectro-
group of metalloenzymes that employ a di- or trinuclear metal scopic properties similar to those of the mammalian enzymes.
center to catalyze hydrolysis reactiodsZ). All mammalian All amino acids found to coordinate the metals in KBPAP
PAPs contain a diiron center, which is catalytically active are strictly conserved among all PAP sequences, even those
in the mixed-valent Fe(lItyFe(ll) oxidation stated). Two from microorganisms such adspergillus ficum(3, 6).
of those have been the subject of extensive spectroscopiavioreover, a sequence motif that incorporates most of these
and enzyme kinetics StUdieS, uteroferrin (iSOlated from the amino acids is found in a much |arger group of phospho-
uteral fluids of pregnant pigs; Uf) and bovine spleen purple hydrolases, among which are exonucleasesybleotidases,
acid phosphatase (BSPAP). The plant PAP isolated from redgiadenosinetetraphosphatases, and Ser/Thr specific protein
kidney beans (KBPAP) is the only PAP for which an X-ray  pnosphatase$(7, 8). X-ray structure determinations of two
structure has been determinedl §). This PAP contains an  ger/Thr specific protein phosphatases, PP1 and PP2B (cal-
cineurin), have revealed a dinuclear metal center resembling
* To whom correspondence should be addressed. Telephone: 31-that of the PAPs, except for the tyrosinate ligand to th& Fe

20-5255045. Fax: 31-20-5255124. E-mail: BAA@chem.uva.nl. ; ; it
1 Abbreviations: AlZr-BSPAP, BSPAP with aluminum at the ferric that gives the PAPs their characteristic purple color. The

site and zinc at the ferrous site; BSPAP, bovine spleen purple acid PAPS have a number of properties that permit the molecular
phosphatase; EPR, electron paramagnetic resonance; EXAFS, extendedetails by which these dinuclear metal centers participate in

X-ray absorption fine structure; FeFBSPAP, BSPAP with iron at ; Ph
the ferric and ferrous sites: FeZBSPAP, BSPAP with iron at the 1€ nydrolysis of phosphate esters to be studied: (1) they

ferric site and zinc at the ferrous site; FeZBSPAPF, FeZrn-BSPAP have favorable spectroscopic properties (intense charge-
complexed with fluoride; FeZABSPAPPQ,, FeZn-BSPAP com- transfer band, characteristic EPR signals in the active Fe(lll)-

plexed with phosphate; FeZBSPAPPO,-F, FeZn-BSPAP com- idati ;
plexed with phosphate and fluoride; FeZdf, uteroferrin with iron at Fe(ll) and Fe(l)zn(ll) oxidation states, Msbauer active

the ferric site and zinc at the ferrous site; GaBSPAP, BSPAP with ~ Metal ions) that provide probes to follow processes taking
gallium at the ferric site and zinc at the ferrous site; KBPAP, purple place in the coordination environment of the metal center;

acid phosphatase of red kidney beans; MES, 2-[N-morpholino]- i i
ethanesulfonic acid; PAP, purple acid phosphatpsePP, disodium (2) unlike the PPs, the PAPs are relatively stable enzymes

salt of p-nitrophenyl phosphate: PP, protein phosphatase; PP1, proteinWh0Se activity is not regulated via complicated activation
phosphatase 1; PP2B, protein phosphatase 2B; Uf, uteroferrin. mechanisms; (3) each of the two metals can be specifically
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substituted by other metal ions. This latter property has beenternary enzymesubstrate/phosphate/fluoride complex(es)
used recently to study the specific chemical requirementsthat explains the results from both the enzyme kinetics and
for the trivalent metal ion9). Moreover, Fe(Il)Zn(Il}-PAP the spectroscopic experiments.
may be used to study the effect of inhibitors such as
phosphate on each of the two metal ions separately via, e.g. EXPERIMENTAL PROCEDURES
EXAFS and EPR spectroscopic studié§-13).

BSPAP has been shown to catalyze the hydrolysis of the

i e 3N i _ /1 17
chiral substrate &' ,3-methoxymethylidene-ATRSy*¥0y 0  IAsss mmratios of 14-15. FeZn-BSPAP, GaZr-BSPAP,

with overall inversion of the configuration of the phosphorus, : .
which supports a mechanism in which the phosphate esterand AlZn-BSPAP were prepared as described previously

is directly attacked by water, without the existence of a (9, 30). Protein concentrations of native BSPAP and Fezn
y a0 Dy watet, BSPAP were determined by measuring the absorption of the
phosphoenzyme intermediat&é4f. The absence of burst

kinetics has been explained by a model in which the attack 2’588'?3 —to—i@ (;:h? rgle-tran?fer band 2t530 ij ¢ _C

of an activated water or hydroxide on the phosphate ester is cm ). Optical spectra were measured on a Cary
S : . 50 spectrophotometer (Varian).

the rate-limiting step in catalysis, rather than, e.g., release o .

of phosphate from the enzymé3). The coordination of Steady-State Enzyme KinetiEsizyme assays usimgNPP

phosphate and other oxoanions that inhibit PAP has been@S @ substrate (pH 5:%.5) were performed as previously

studied in some detail using a variety of spectroscopic 9€Scribed&0). AtpH 5.0, phosphatase activity was assayed

techniques, since these inhibitors were assumed to mimicPY monitoring the formation of phenol f[cl)m tt]le hydrolysis

the binding of the phosphate monoester substrate. In the®f Phenyl phosphate at 278 nm< 870 M *-cm™). FeFe-

preceding paper, we reported that the coordination mode of BSPAP was assayed in 100 mM NBIES, 185 mM KCl,

phosphate is pH dependent. At pH 5, phosphate binds to1® MM Na-ascorbate, 0.2 mM Fe(N§1(SQy)z, pH 6.5. At
both the F& and the divalent metal ion via a bridging PH 6:0-6.5, the activity of FeZrBSPAP was measured in

coordination mode. At pH 6.5, however, we proposed that 100 MM Na-MES and 200 mM KCI. Assays at pH 5:5
hydroxide replaces the phosphate at thé*Fsite, and 5.0 were performed in 100 mM NaOAc and 200 mM KCI.

phosphate coordinates to only the divalent metal ion. It seems”l @ssays were done at 2ZC. Fluoride inhibition was
likely that the structure of the phosphate complex at pH 6.5 studied by measuring ph(_)sphatase activities for nine s_ubstrate
approximates that of the active state of the enzymbstrate concentrations at 45 different fluoride concentrations.
complex, since rapid-mixing rapid-freezing experiments ¥&!ues 0fKicomp) andKiuncomp) were obtained by fitting the
showed very similar EPR spectral properties for the phos- entire data set to the Michaelid/lenten equation for mixed-

phate and substrate complexes, both at pH 5 and pHL8)5 ( competitive inhibition using the program MacCurveFit 1.4
Fluoride has long been known to inhibit PAP catalysis (Kevin Raner Software). For AIZRBSPAP, the rate of

(15-25), and spectroscopic studies indicate that fluoride PNOSPhate hydrolysis was determined after this rate had
binds directly to the metal cente@d 24, 26). Fluoride ~ PECOME constant (app 360 s after the start of the reaction).
stimulates bone cell proliferation and activity and has, _Kinetics of Slow Fluoride Binding.he kinetics of fluoride
therefore, been used to treat patients with osteoporosis.Pinding were studied by rapidly mixing enzyme with
Several pieces of evidence indicate that this effect of fluoride Substrate and fluoride using an RX1000 hand-stopped flow
may be due to the inhibition of bone PAR7. An Fe*- device (Applied Photophysics) attached to a Cary 50 spec-
bound hydroxide is assumed to play a critical role in frophotometer (Varian). One syringe contained enzyme,
catalysis, either directly as the nucleophile that attacks the While the other syringe contained substrate and fluoride.
substrate §, 28) or as a general base that deprotonates a R€actions at pH 6.5 were done in 100 mM-N4ES, 200
water in the second coordination sphere of the trivalent metal MM KCI, pH 6.5 with 50 mM p-NPP as the substrate.
ion (9). Since fluoride has chemical properties similar to Reactions at pH 5.0 were done in100 mM NaOAc, 200 mM
hydroxide, studying fluoride inhibition may reveal the KCl, pH 5.0 with 25 mM phenyl phosphate as the substrate.
coordination chemistry of the other substrate of the hydrolysis Values ofkess were obtained by fitting the progress curves
reaction, i.e., water/hydroxide. For example, a study of t0 €q 2 using the nonlinear fit procedure of the program
fluoride inhibition of the dinuclear aminopeptidase from IGOR 3.1 (WaveMetrics).

General. Bovine spleen purple acid phosphatase was
isolated as previously describe®f. Preparations haé,so

Aeromonas proteolyticeecently resulted in the identification EPR SpectroscopX-band EPR spectra (9.4 GHz) were
of a Zn(Il)-bound water/hydroxide with aip value of 7.0  obtained on a Bruker ECS106 EPR spectrometer, equipped
in the enzyme-substrate complex20). with an Oxford Instruments ESR900 helium-flow cryostat

We studied the nature of fluoride binding to Fe(lll)Zn¢H) with an ITC4 temperature controller. The magnetic field was
BSPAP at various pHs from 6.5 to 5.0 using steady-state calibrated with an AEG Magnetic Field Meter. The frequency
kinetics methods. The availability of metal-substitituted forms was measured with an HP 5350B Microwave Frequency
of BSPAP with different trivalent metal ions enabled us to Counter.
examine the effect of the nature of the trivalent metal on  Fluoride titrations of FeZnBSPAP were performed by
the affinity for fluoride and provided strong evidence for repeated addition of small aliquots of concentrated KF stock
coordination of fluoride to the trivalent metal ion. The finding solutions of the appropriate pH to a single sample of FeZn
that fluoride binding to AlZR-BSPAP is surprisingly slow  BSPAP or FeZrrBSPARPQ, in 100 mM buffer (NaOAc/
prompted us to study the kinetics of fluoride binding in more pH 5 or Na-MES/pH 6.5) and 200 mM KCI. Spectral
detail. Optical and EPR spectroscopy were used to study theamplitudes and anion concentrations were corrected for
binding of fluoride, both in the presence and in the absence dilution. Ky values were determined as previously described
of phosphate. A model is presented for the structure of the (9).
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Time-Resaled Spectroscopy of FeZBSPAPPO,F—
Complex FormationThe formation of FeZrBSPARPQO,:
F was followed by both optical and EPR spectroscopy.
FeZn—-BSPAP (~20uM) in 100 mM NaOAc, 200 mM KClI,
pH 5.0 was rapidly mixed with 1 mM KF and 25 mM
KH,PQO, (final concentrations) using an RX1000 hand-
stopped flow device attached to an HP8452A diode array
spectrophotometer, and spectra were collected every second.
As a background spectrum, the spectrum of FeEBBPAP
POy-F complex at equilibrium was used. For EPR, /149
FeZn—-BSPAP in 100 mM NaOAc, 200 mM KCI, pH 5.0
was rapidly mixed with 1 mM KF and 25 mM KIRQ, (final
concentrations) using a home-built rapid-mixing freeze-
quench apparatu81) and injected into EPR tubes. At several
times after mixing, the samples in the EPR tubes were rapidly
frozen in a bath of liquid isopentane-140 K).

pH 5.0

1/dAs76nm

1
0 2
1/[phenylphosphate] (mM")

pH 6.5

RESULTS

1/dA1g0m

In the preceding paper in this issue, it was shown that
studying the binding of the inhibitor phosphate can provide
important insights into the interaction of the substafte¢PP
with the dimetal active site. In this report, a similar approach
was followed to learn more about the other substrate of the 0.2 0.4 0.6
hydrolysis reaction, the nucleophilic hydroxide or water, by A/[PNPP] (M)
studying the interaction of BSPAP with fluoride, an inhibitor
that is a structural analogue of hydroxide. The inhibition of E'G‘leRE 1d Lirlevxeavl_?l;Bourkedplgts 0:|i2h5ibitTi?1n CI)'f FeZﬁBSItPfAP
Fe(ll)Zn(I)—BSPAP by fluoride was studied at several pHs fi%/ofu?r::e %r?tir(e )dgta s'ete'tg tr(1e)hﬁichéeiiMe?]té?]ese(;ﬁzlfjionr?g? ?
from 6.5 to 5.0p-NPP was used as a substrate at pH6.5  mixed-competitive inhibition (see Table 1 fé values obtained
5.5, while phenyl phosphate was used at pH 5.0. At pH 5.0, from these fits). Conditions: (A) phenyl phosphate in 100 mM
the Ky for p-NPP becomes too low to allow the reliable ?%Onm.fﬁ?gri?el\_ﬂ(lé()il) pNI-Fl)g-(iJﬁ igg.mw'\i/}hN%&ég, ggg'n?li/?%(;nd
determination ofKy values, especially in the presence of -: OrHE, \BJ- ' . '
fluoride, which lowers the appapreKt\,].Yl'he Ky f(l;)r phenyl pH 6.5, 22°C, with 0, 0.50, 1.0, 2.0, and 5.0 mM fluoride.
phosphate is somewhat higher, and its hydrolysis can bescheme 1
studied continuously at 278 nm. Figure 1 shows Line-

1
0.8

1 1 1

-0.2

0.0 1.0

weaver-Burke plots in the presence of various fluoride S - car o
concentrations at pH 5.0 and pH 6.5. At pH 5.0, the E+S - ES E+P
Lineweaver-Burke plot shows parallel lines, which is

indicative of uncompetitive inhibition. However, parallel lines 1L Ki(competitive) 1LKi(uncompetilive)

in the double-reciprocal plots can also result from partial

uncompetitive inhibition. Plots of Kiappareny and ES ESI

1N max@pparenil€ linear for FeZrBSPAP at pH 5.0, showing o , L ,
that fluoride is a pure uncompetitive inhibitor (Figure S2 of Pinding site of fluoride is at the trivalent metal. If the
the Supporting Information)3@). At pH 6.5, the lines of uncompetitive binding site of fluoride is indeed at the

the Lineweaver Burke plot intersect at a single point close trivalent metal, the chemical nature of the trivalent metal is
to the 18 axis, which is characteristic of noncompetitive €XPected to affediuncomp) Fluoride inhibition was, therefore,
inhibition, S0Kicomp) & Kiwncompy SCheme 1 shows a kinetic also studied for AIZR-BSPAP and GaznrBSPAP at pH

scheme that includes both competitive and uncompetitive
inhibition, while eq 1 is the MichaelisMenten equation for
this kinetic scheme.

5.0 (Figure S1 and S2). Both GaZzBSPAP and AlZr-
BSPAP are uncompetitively inhibited by fluoride at pH 5.0
(Table 1). The inhibition constant for AIZrBBSPAP is~50—

70-fold lower than the inhibition constants for both FezZn
BSAP and GaZzaBSPAP, indicating that the uncompetitive
binding site of fluoride is indeed at the trivalent metal ion.
The steady-state kinetic results indicated that in the
presence of substrate fluoride binds at the trivalent metal
Fluoride inhibition was also studied at pH 6.0 and 5.5 (Figure ion. This interaction can be directly probed by studying the
S1 of the Supporting Information). Th& for the uncom- effect of fluoride on the optical and EPR spectra of the
petitive site decreases upon lowering the pH, whileKhe  enzyme. For FeZnBSPAP, both techniques are expected
for the competitive site seems to be unaffected, resulting in to detect changes in the immediate coordination environment
essentially uncompetitive inhibition at pH 5.0 (Table 1). The of the Fé" and to be much less sensitive to fluoride binding
pH dependence OKiuncomp) parallels the K, of the F&*- at the divalent metal site. The binding of fluoride to FeZn
coordinated water in the enzymsubstrate complex identi- BSPAP was studied both in the absence and presence of
fied in the preceding paper, suggesting that the uncompetitivephosphate, which was assumed to mimic the binding of

v= Vmax [S]/(Ks (1 + [I]/ Ki(comp)) +
[SI2 + [/ Kiuncompy) (1)
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Table 1: Inhibition Constants for Inhibition of Various 0.10 25
Metal-Substituted BSPAP Forms by Fluoride A © 20
Ki competitive K; uncompetitive 0.08 F i :g

enzyme pH substrate (mM) (mM) 0.06 3 5

Fezr® 5.0 phenylphosphate 0.20 (0.03) ) % 5 0 15 2
AlZn® 5.0 phenylphosphate 0.0030 (0.0002) [fluoride] mM)
Gazr? 5.0 phenylphosphate 0.14 (0.07) 0.04

FeZrf 55 p-NPP 5(2) 0.43(0.02)

Fez! 6.0 p-NPP 3(1) 0.79 (0.05) 0.02

Fezrf 6.5 p-NPP 3.4(0.3) 2.05(0.1)

FeFé 6.5 p-NPP 4.8 (0.5) 4.44 (0.4) 0.00 L . . . "

aK; values result from a fit of the entire data set at several fluoride 300 400 500 600 700 800

concentrations to the Michaetidenten equation for mixed-competi- 0.10

tive inhibition. Numbers in parentheses are standard deviation values
obtained from the fitting procedurAssay conditions: 100 mM

NaOAc, 200 mM KCI, pH 5.0, and 22C. ¢ Assay conditions: 100 0.08
mM NaOAc, 200 mM KClI, pH 5.5, and 22C. ¢ Assay conditions:
100 mM Na-MES, 200 mM KCI, and 22C. ¢ Assay conditions: 100 0.06}
mM Na-MES, 185 mM KCI, pH 6.5, and 2ZC; 15 mM Na-ascorbate,
0.2 mM Fe(NH)z(SQy), and 22°C. 0.04}

20-{/'k
10
-

0 2 4 56 8 1(
[fluoride] (mM)

A455-A615

T T T T T T T T T 0.02 ¢t

0.00k

300 400 500 600 700 800

Wavelength (nm)

Ficure 3: Optical titration of fluoride binding to (A) FeZnBSPAP

and (B) FeZrR-BSPAPPQ, at pH 5.0. (A) FeZr-BSPAP in 100

mM NaOAc, 200 mM KCI, pH 5.0 with spectra taken at 0, 0.50,
3.0, 10, and 20 mM KF. (B) FeZnBSPAPPQ, in 100 mM
NaOAc, 200 mM KCI, 10 mM KHPGQ,, pH 5.0 with spectra taken

at 0, 0.10, 0.20, 0.50, 1.0, 3.0, and 10 mM KF. The arrows indicate
increasing fluoride concentrations. The insets shows the absorbance
difference as a function of fluoride concentration. The solid lines
represent fits wittKy's of 2.9 and 0.28 mM, respectively.

Absorbance

presence of saturating concentrations of phosphate. The
optical spectrum of this putative FeZBSPARPO,-F
complex is similar to that of FeZnBSPAPRF, indicating that
the ligand environment of the Feis similar in both
complexes. Unlike the phosphate complexes, the FeZn
BSPARPO,-F complexes are very similar at 5.0 and 6.5,
L 1 L L L L L L L suggesting that the same ternary complex is formed at both
400 500 600 700 800 pHSs.
Wavelength (nm) Figure 3 shows fluoride titration experiments in the
absence (A) and presence (B) of 10 mM phosphate at pH

Ficure 2: Effect of the addition of phosphate and/or fluoride on I ; ;
the visible spectra of FeZPBSPAP at pH 5.0 and 6.5, Buffer- 5.0. The binding curves obtained by plotting the absorbance

100 mM NaOAc, 200 mM KCI, pH 5.0 or 100 mM Na-MES, 200 difference as a function of fluoride concentration yielda
mM KCI, pH 6.5. (A) FeZn-BSPAP pH 5.0; (B) FeZrBSPAP of 2.9+ 0.4 mM for fluoride binding to FeZnBSPAP and

pH 6.5; (C) FeZr-BSPAP+ 20 mM phosphate pH 5.0; (D) FeZn a Ky of 0.28 + 0.04 mM for fluoride binding to Fezn
BSPAP-+ 20 mM phosphate pH 6.5; (E) FeZBSPAP+ 10 mM BSPAPPQ,. This latterKq is in agreement with the inhi-

fluoride pH 5.0; (F) FezrBSPAP+ 10 mM fluoride pH 6.5; (G) " ; ; ~
FeZn-BSPAP -+ 20 mM phosphater 10 mM fluoride pH 5.0: bition constant of fluoride as determined by steady-state

(H) FeZn-BSPAP+ 20 mM phosphater 10 mM fluoride pH enzyme kinetics under similar conditiorts & 0.20+ 0.03
6.5. mM).

Figures 4 and 5 show the EPR spectra of Fe(lll)Zr{ll)
substrate. Figure 2 shows the effect of fluoride and/or BSPAP in the absence of any inhibitor and in the presence
phosphate on the position of the tyrosinate-té*Feharge- of phosphate and/or fluoride at pH 5.0 and 6.5, respectively.
transfer band, both at pH 5 and pH 6.5. The uncomplexed The EPR spectra of FeZBSPAP and FeZrBSPARPQO,
enzyme has its maximal absorbangg.f) at~536 nm, both have been reported befor23( 33). The EPR spectrum of
at pH 5.0 and 6.5. As shown in the preceding paper, the uncomplexed FeZaBSPAP is the same at pH 5.0 and pH
spectra of FeZznBSPAPPQ, are pH dependent, with/aax 6.5 and shows peaks that belong to several high-spih Fe
of 555 nm at pH 5.0 and &yax0f 540 nm at pH 6.5. Fluoride  species with rhombicities d&/D ~ 0.02 @ = 6.5 and 5.9)
binding to FeZr-BSPAP causes a blue shift of the absorp- andE/D ~ 0.08 @ = 7.7 and 5.8). At pH 5.0, the addition
tion band, both at pH 5.0 and pH 6.5. The same blue shift is of phosphate converts this rather broad spectrum to an intense
observed when fluoride is added to FeZBSPAP in the isotropic signal atg = 4.3, corresponding to the middle
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FeZn-PO4

FeZn-F

FeZn-PO4-F

100 150 200 250

Magnetic Field (mT)

Ficure 4: EPR spectra of (A) FeZnBSPAP, (B) FeZrrBSPAP
PO, (C) FeZn-BSPAPF, and (D) FeZrBSPARPPO,-F in 100
mM NaOAc, 200 mM KCI, pH 5.0. The gains were adjusted to

50

Pinkse et al.

1 FeZn-PO4

FeZn-F

FeZn-PO4-F
3.1
i

50 100 150 200 250

Magnetic Field (mT)

FicurRe 5: EPR spectra of (A) FeZnBSPAP, (B) FeZr-BSPAP
PQ,, (C) FeZn-BSPAPF, and (D) FeZr-BSPAPPQ,F in 100
mM Na—MES, 200 mM KCI, pH 6.5. The gains were adjusted to

give similar signal heights. EPR conditions: microwave frequency, give similar signal heights. EPR conditions: microwave frequency,

9.4 GHz; modulation, 12.7 G at 100 kHz; microwave power, 2.0
mW,; temperature, 10 K. FeZBBSPAPPQO;: 54 mM KH,PO;
FeZn—-BSPAPF: 3 mM KF; FeZn-BSPARPOsF: 49 mM
KH,PO, and 8.1 mM KF.

Kramers doublet of a species wiliD = 0.33. At pH 6.5,

9.4 GHz; modulation, 12.7 G at 100 kHz; microwave power, 8.0
mW; temperature, 10 K. FeZBSPARPQO,: 91 mM KH,POy/
KoHPOy, FeZn—-BSPARF: 4 mM KF; FeZn-BSPARPO,F: 91
mM KH,PO, and 4 mM KF.

complexes are formed at pH 5.0 and 6.5. Moreover, the EPR

addition of phosphate does not affect the EPR spectrum ofspectrum of FeZaBSPAPPQ,+F is clearly different from

FeZn—BSPAP significantly for [phosphatek 30 mM,
indicating that phosphate does not coordinate to tHé &g
this pH (@3). The titration of FeZrR-BSPAP with fluoride at

those of FeZr-BSPAPPQ, and FeZr-BSPARF, providing
direct spectroscopic evidence for the formation of a ternary
complex. Fluoride addition (up to 15 mM) to the molybdate

pH 5.0 resulted in the formation of a species with peaks at complex of FeZr-BSPAP at pH 5.0 does not result in any

g = 7.3 and 5.7 (Figure S3 of the Supporting Information).

spectroscopic changes in either the optical or the EPR

The g = 7.3 signal is ascribed to the ground doublet of a spectrum of FeZrBSPAPMO0O,.

species withe/D ~ 0.06, and they = 5.7 signal is probably

In the course of the enzyme kinetics experiments, nonlinear

due to the middle Kramers doublet of the same species. Aproduct vs time curves were observed for AEZBSPAP in

fit of the difference of the signal intensities gt= 7.3 and
6.5 as a function of fluoride concentration yield¥a of
0.13 mM. The EPR spectrum of the FeZBSPAPF
complex at pH 6.5 is similar to that at pH 5.0. TKe for
fluoride binding obtained from this EPR titration is 0.5 mM
(Figure S4 of the Supporting Information).

When fluoride is added to FeZBBSPAPPQ, yet another

the presence of the (low) fluoride concentrations at which
AlZn—BSPAP is inhibited. The initial rate decreased in time
for approximately 1 min after mixing and then became
constant. One explanation for this behavior is that fluoride
binding is slow under these conditions, such that the
formation of the fluoride complex is still not complete even
after the 10 s required to mix the enzyme with substrate and

high-spin Fé&" EPR-spectrum is obtained, and again the same inhibitor and place the cuvette in the spectrophotometer.
spectrum is obtained both at pH 5.0 and pH 6.5. The EPR Since our optical titration experiments showed that fluoride

spectrum of this ternary FeZBSPAPPQO;F complex

binds more strongly to FeZmBSPAP in the presence of

shows peaks afj = 8.6, 5.1, and 3.1. These features can phosphate (and presumably also in the presence of substrate),

again be ascribed to a single species #th ~ 0.15. The
g = 8.6 signal belongs to the ground doublet, while ghe

this hypothesis cannot be tested by preincubation of the
enzyme with fluoride. We probed whether biphasic progress

5.1 and 3.1 signals are due to a transition in the middle curves could also be detected for FeBSPAP using a hand

Kramers doublet. The titration data yieq values of 0.06

stopped-flow apparatus that allowed mixing of enzyme with

mM and 0.9 mM at pH 5.0 and 6.5, respectively (Figures substrate and inhibitor within 0.5 s. Figure 6 shows reaction
S5 and S6 of the Supporting Information). Like the optical progress curves for the hydrolysis pfNPP at pH 6.5 by
spectra, the EPR spectra show that the same fluorideFeZn—-BSPAP in the absence and presence of various
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F complex was studied using time-resolved optical and EPR
spectroscopy at pH 5.0. FeZBSPAP was rapidly mixed
with 25 mM phosphate and 1 mM fluoride using a hand
stopped-flow apparatus, and optical spectra were taken every
second using a diode-array spectrophotometer. Figure 7A
shows difference spectra obtained by subtracting the spec-
trum of FeZn-BSPAPPQO,-F at equilibrium from the spectra
obtained at various time points after mixing. The spectra
show a clear blue-shift of the absorbance with time,
consistent with conversion of FeZBSPAPPQO, to FeZn-
BSPARPO,-F. The absorbance at 620 nm could be fitted
by a single exponential with a rate constant of 0.173.003
s L. This rate is in reasonable agreement with the value of
kobs Obtained from the reaction progress curves obtained
E under similar conditions (FeZnBSPAP, 25 mM phenyl
phosphate, and 1 mM fluoride), which is 0.440.02 s
The time dependence of the formation of FeBSPAP
POy+F was also studied by EPR spectroscopy. FeEBSPAP
was rapidly mixed with 1 mM fluoride and 25 mM phosphate
and injected into EPR tubes. At various times after mixing,
the samples were rapidly frozen in a bath of cold isopentane
(~140 K). Figure 7B shows the conversion of FeZn
BSPARPO, (g = 4.3) into FeZn-BSPAPPO,-F (g = 8.6
and 5.1). Fits of the intensities gt= 4.3 andg = 5.1 as a
function of time gave rate constants of 0.1%80.004 s*
and 0.134 0.05 s%, respectively, again in good agreement
with the rate constants that were obtained from the reaction
progress curve and the time dependent optical changes
inhibitors. Biphasic progress curves are observed only in the discussed above.
presence of fluoride but not in the presence of the oxoanion Together, these results firmly establish that the biphasic
inhibitors phosphate and molybdate. Thus, the effect is reaction progress curves are due to the slow binding of
specific for fluoride. fluoride to the enzymesubstrate complex. If it is assumed
To prove that the nonlinear progress curves are indeedthat inhibitor binding is much slower than substrate binding

15 A .

Absorbance (410 nm)

OO 1 1 1 i 1
0 10 20 30 40 50

Time (sec.)

FiGUurRE 6: Reaction progress curves for the hydrolysipafiPP
by FeZn-BSPAP after mixing with various inhibitors at pH 6.5
and 22°C. Att = 0, FeZn-BSPAP was rapidly mixed with 50
mM p-NPP and (A) no inhibitor, (B) 1.0 mM phosphate, (C) 100
uM molybdate, (D) 2.0 mM KF, and (E) 8.0 mM KF. Buffer: 100
mM Na-MES, 200 mM KClI, pH 6.5.

due to slow binding of fluoride to the enzymsubstrate
complex, the formation of the ternary FeZBSPARPO,-

20

15
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and substrate hydrolysis (in the absence of fluoride, the
steady state is reached within a few ms), the time dependence
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Ficure 7: Time-resolved spectroscopy of the formation of FeBSPARPO,-F at pH 5.0 and 22C. (A): FeZn—-BSPAP was rapidly

mixed with 25 mM KHPO, and 1 mM KF. Shown are difference spectra obtained by subtraction of the optical spectrum ef FeZn
BSPARPO,-F at t > 60 s. from the optical spectratt 1, 2, 3, 4, 5, 6, 7, 9, 11, 15, and 24 s. Buffer: 100 mM NaOAc, 200 mM KClI,

pH 5.0. Inset: absorbance at 450 and 620 nm as a function of time. The solid lines represent single-exponential fits with rate constants of
0.195+ 0.006 st (Ass0) and 0.173+ 0.003 s (As20). (B) EPR spectra of FeZABSPAP that was rapidly mixed with 25 mM KRO,

and 1 mM KF, and freeze-quenched after 1, 5, 20 and 40 s. Buffer: 100 mM NaOAc, 200 mM KCI, pH 5.0. EPR conditions: microwave
frequency, 9.42 GHz; modulation, 12.7 G at 100 kHz; microwave power, 8.0 mW,; temperature, 10 K. Inset: intensitigso#tBeand

g = 5.1 signals as a function of time. The solid lines represent single-exponential fits with rate constants af 0.068 s (g = 4.3)

and 0.125+ 0.05 st (g = 5.1).
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Ficure 8: Rate of fluoride bindingl,g as a function of fluoride concentration for (A) FeFBSPAP at pH 5.0, (B) FeZaBSPAP at pH
5.0, (C) AlZn—BSPAP at pH 5.0, and (D) FeZBSPAP at pH 6.5. Each data point represents the average3aheasurements; the error
bars indicate the standard deviation. Conditions: pH 6.5: 100 mM Na-MES, 200 mM KCI, 5@+&RP at 22°C; pH 5.0: 100 mM
Na-MES, 200 mM KCI, 25 mM phenyl phosphate at 22.

of product concentration is described by the general eq 2 Scheme 2

(34, 35). fast
. —ko /&' \s\
Po = vt + (v — ved(1 — 7 ) ks + Po) L # 3 Koo
(v:: initial rate att = 0, v,¢ rate in final steady-state) E +8S ES —>E +P
)
Thus, the rate of fluoride bindindkdyy can be obtained by ko 1L kon[I]
fitting the product formation traces using eq 2. Enzyme was .
rapidly mixed with substrate and fluoride using a hand- ES| slow

stopped flow and the formation of phenol (pH 5.0) or
p-nitrophenol (pH 6.5) was monitored spectrophotometri-
cally. The rate of fluoride binding was determined as a
function of fluoride concentration for FeZBSPAP at pH

5.0 and 6.5 (Figure 8, B and D). The influence of the =k I + 3
chemical nature of the metals was studied by measuwing ons = Konll] + or ®)

values as a function of fluoride concentration for FeFe  r4ple 2 lists values fok,, andkes for FeZn—, AlZn—, and
BSPAP and AlZrR-BSPAP at pH 5.0 (Figure 8, A and C).  FeFe-BSPAP at pH 5.0. Because fluoride release is so slow,

Fluoride binding for other combinations were not studied or data do not allow an accurate determinatiok.gf Table
because fluoride binding was either too fast (GaBSPAP) 2, therefore, lists upper limits.

or too slow (AIZn-BSPAP at pH 6.5) or because the enzyme At pH 6.5, thekoss value for fluoride binding to Feza

was not stable enough in the absence of fluoride during thegspap is no longer linearly dependent on the fluoride

time course of the reaction (FeFBSPAP at pH 6.5). concentration, but instead saturating behavior is observed.
Figure 8 shows that at pH 5kQnsdepends linearly on the  This kinetics behavior indicates that a preequilibrium is

fluoride concentration for all BSPAP forms. At this pH, formed rapidly (formation of ES), followed by the slower

fluoride inhibition is uncompetitive. Since [S} Ky, the formation of the catalytically inactive inhibitor complex ESI

process that is studied under these conditions is the binding(Scheme 3). Equation 4 describes the dependenkgain

of fluoride to the enzymesubstrate complex at the uncom- ko, kot @and the dissociation constaj for this mechanistic

petitive fluoride binding site (Scheme 2). For this mechanism, scheme. In principle, fluoride binding at pH 6.5 may involve

the observed rate constatys is related to the fluoride  binding to both the competitive site and the uncompetitive

concentration and the intrinsic rate constagtsandky; by
eq 3.
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Table 2: Rate Constants for Fluoride Binding

enzyme pH Kon Kort (57%)
Fezr? 6.5 0.33(0.01) s <0.02
FeZrt 5.0 102+ 3s 1M1 <0.03
AlZn¢ 5.0 1.8+ 0.2-103s M1 <0.003
FeFé 5.0 58+ 5s 1M1 <0.02

@ Rate constants for fluoride binding were derived by fitting kb
vs fluoride concentration plots in Figure '8Values ofkon andko result
from a fit using eq 4 K¢ = 10 mM). ¢ Values ofko, and ko result
from a fit using eq 3.

Scheme 3
fast
s ," \\ kcat
E +S ES —E +P
et
ESI' —= ESI"
ko ..

™ slow

site. Binding at the competitive site is unlikely to contribute
directly to the slow inhibition phenomenon, however, since
fluoride binding to the divalent metal ion is expected to be
much faster than fluoride binding to the uncompetitive site
(Fet). The data in Figure 8D could be fitted witky = 10
mM, kon = 0.33 s, andkys < 0.02 st (Table 2).

Kobs = Korl J/([1] + Kg) + Koty
DISCUSSION

(4)

Fluoride is a well-known inhibitor of metalloenzymes, such
as peroxidase3p), laccase 37), inorganic pyrophosphatase
(38—40), myainositol monophosphatasél), enolase42),
superoxide dismutaseld), urease 44), and various zinc-
containing hydrolase<20, 45, 46). Fluoride inhibition has
been reported for various PAPs, including BSPAP. Non-
competitive 21, 22, 25, 47) and uncompetitive inhibition
(17, 24) modes have been reported for PAPs, with inhibition
constants of typically~1 mM. Our results show that the
inhibition mode of fluoride is pH dependent, which may
explain why previous studies have reported both noncom-
petitive and uncompetitive inhibition by fluoride. A similar
pH dependence for the fluoride inhibition mode has been
reported for the native PAP isolated from sweet potatdds (
We do not observe the curvilinear Lineweav®&urke plots
that were reported previously for (native) BSPAF,(16),
possibly as a result of the higher ionic strength employed
by us.

In most metalloenzymes, fluoride is thought to act by
replacing a metal-bound hydroxide or water ligand. The
X-ray structure of KBPAP shows three coordination sites at

Biochemistry, Vol. 38, No. 31, 1999933

the divalent metal ion in the catalytically active enzyme
substrate complex formed at pH 6.5. Fluoride binding to the
divalent metal ion is then likely to be responsible for the
competitive inhibition mode. For the uncompetitive binding
mode, two possibilities may be considered: fluoride replac-
ing the monodentate hydroxide/water bound to th& Fee

the u-hydroxo group that is bound to both the’Fend the
divalent metal ion. The strong binding observed fof"Ah
AlZn—BSPAP is in agreement with the Har&oft-Acid—
Base theory: fluoride is a hard base and*Als a harder
acid than both Fe and G&". The relative binding strength
of fluoride vs water is, therefore, expected to be higher for
AlI3* than for either F& or G&'. The much stronger
inhibition of AlZn—BSPAP compared to FeZBSPAP and
GaZn—BSPAP indicates that the uncompetitive fluoride
binding site is at the trivalent metal ion, but does not
distinguish between a terminal or bridging binding mode.
The pH dependence &uncompyparallels the K, of the Fé*
coordinated water in the enzymsubstrate complex, sug-
gesting that fluoride binds by replacing this terminal water/
hydroxide. This model predicts that the ternary enzyme
substrate/fluoride complex that is formed is the same at pH
6.5 and 5.0 (Figure 9). At pH 6.5, fluoride binds to the
enzyme-substrate complex by replacing the terminal hy-
droxide ligand to F&, yielding a ternary complex with
substrate bound at the divalent metal and fluoride bound at
the trivalent metal. At pH 5.0, fluoride binds to the enzyme
substrate-complex by displacing the substrate from the
trivalent metal, yielding again a ternary complex with
substrate bound at the divalent metal and fluoride bound at
the trivalent metal.

The model derived from the kinetics results was tested
by studying the optical and EPR spectroscopic properties of
FeZn-BSPAPRF and FeZr-BSPAPPQ,-F complexes at pH
6.5 and 5.0. FeZnBSPAP, FeZr-BSPARPQ,, FeZn-
BSPAPRF, and FeZrrBSPARPOQO,-F each have their own
characteristic EPR spectrum, providing direct spectroscopic
evidence for the formation of a ternary FeZBSPARPQ;-

F complex. The optical spectra of FeZBSPAPF and
FeZn—BSPAPRPQ,-F are practically indistinguishable, in-
dicating a similar electron density at ¥ein these two
complexes. The blue-shift of the tyrosinate t¢Feharge-
transfer band has been reported in previous studies on
fluoride binding to PAP 15, 16) and suggests an increase
in electron density at Fé upon fluoride binding. The EPR
and optical spectra of FeZBSPAPRF and FeZr-BSPAPRP
PO,-F are pH independent and are, therefore, consistent with
the model derived from enzyme kinetics (Figure 9). Although
the model depicted in Figure 9 provides the simplest
explanation for our results, other fluoride binding modes (i.e.,
fluoride replacing the bridging hydroxide) cannot be ex-
cluded. More direct information on the structure of the
ternary enzymephosphatefluoride complex must await
future characterization of these complexes using X-ray
diffraction, EXAFS, or possibly ENDOR/ESEEM.

TheKq for fluoride binding to FeZrrBSPARPPQ, obtained
from the optical titration at pH 5.0 (0.28& 0.04 mM)

the dimetal center that have been proposed to contain watercompares nicely with the inhibition constant for fluoride

derived ligands: a hydroxide bridging the two metals, a
hydroxide acting as a monodentate ligand té'Fand a
water coordinating to 21 (4). In the preceding paper, we

obtained under similar condions (0.200.03 mM). The large
difference in fluoride affinity between FeZBSPAP Ky
= 2.9 mM) and FeZrBSPAPPO, (K4 = 0.20+ 0.03 mM)

suggested that substrate binds in a monodentate fashion tsuggests that fluoride needs to replace a hydroxide when
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Ficure 9: Model for the coordination of fluoride, phosphate, and phosphate ester teB&AP at both pH 5.0 and pH 6.5. The model
explains the results of both the kinetics and spectroscopic experiments described in this work.

binding to FeZr-BSPAP, while it needs to replace the less preceding paper suggest that fluoride binding to the enzyme
strongly bound bridging phosphate in FeZBSPARPQ,. substrate complex at pH 5.0 involves displacement of the
The K4 values obtained from the various EPR titrations are substrate at the trivalent metal ion. The on rates of fluoride
all lower than those obtained from the optical titration and binding at pH 5.0 may, therefore, reflect the intrinsic rate at
kinetics experiments. The largest discrepancy in the dis- which phenyl phosphate dissociates from this trivalent metal
sociation constant is observed between the optical and EPRon. For FeZr-BSPAP and FeFeBSPAP, these rates are
titration of fluoride binding to FeZrBSPAP at pH 5.0K4 100 and 60 M?! s, respectively, while for AlZr-BSPAP

= 2.9 mM andKy = 0.13 mM, respectively). Because neither the rate is 1800 M! s™. Since we cannot exclude the
the optical titration nor the EPR titration gives any indication formation of a preequilibrium with &4 > 10 mM (orKy >

for two binding events (e.g., no EPR spectral changes are0.1 mM for AlZn), the true dissociation rates may be lower,
detected between 1 and 3 mM fluoride, while no major and these numbers should be regarded as upper limits.
changes are detected in the optical spectra between 0 and\though we can only determine upper limits fky, it is

0.5 mM), we think that the UV vis changes and the changes clear that the rate of fluoride dissociation from eithef'Fe
detected by EPR correspond to the same process. The loweor Al** in M(II1)Zn(ll) —BSPAP is very slow €0.03 and<
dissociation constants determined by EPR may be due t00.003 s?, respectively (Table 2)). Future studies using
the lower temperature (freezing point of the solution) at methods suited to determine these low off rates may give
which they were determined. more accurate values & and allow the aluminum and

Unlike phosphate, molybdate cannot be displaced from i"on enzymes to be compared. .
the Fé* site by fluoride, which corroborates conclusions _ 1he hyperbolic dependence lofs on fluoride concentra-
from previous studies that divided the oxoanions into two tion at pH 6.5 indicates the formation of an enzyme-fluoride
classes, the weak inhibitors phosphate and arsenate and theomplex prior to the formation of the inhibited fluoride form.
strong inhibitors molybdate and tungstaté®,(16, 28, 48). The nature of this species is unknown. One possibility is
On the basis of EXAFS studies of oxoanion complexes with that the fluoride binds initially at the divalent metal ion (the
Fezn-Uf at pH 5.0, Wang and Que recently proposed an competitive binding site). The value of the appartatis
unsymmetric bridging coordination for molybdate and tung- "oughly consistent with this interpretatiéThe value ofkon
state with strong binding to the Feand weak binding to obtained from_ this experiment is a true flrst-order_ rate
the Zr?* (11, 12). This strong binding to the Be may consfcant andlls very low, only 0.33%s This low rate is
explain why fluoride is not able to displace molybdate from consistent with our model for the phosphate/substrate
this site, while it does displace phosphate or substrate. ~ complex at pH 6.5, which predicts that fluoride binds to the

A surprising result from these studies is that fluoride, Fe’" by replacing a hydroxide. Dissociation of the hydroxide

. : . is expected to be slower than the release of the substrate
unlike the oxoanions phosphate and molybdate, is a slow-
Lo e - . that needs to take place at pH 5.0.
binding inhibitor of BSPAP. Substitution reactions at hexa- — :
. . L . Slow binding of fluoride has been observed for other
coordinated F& are generally dissociative in nature. This ;
. S - metalloenzymes as well. Baykov et al. studied the slow
means that the on rate for fluoride binding may be limited
by the rate of dissociation of the ligand that is replaced by . - —
fluoride, while the off rates are limited by the dissociation _, .. Since fluoride and substrate compete for the same binding site in
. . . this model, the apparent dissociation constant for fluoride binding to
rate for fluoride. The spectroscopic results of this study and s site is' Kq = K; x ([S]+Ku)/Ku = 3.4 mM x (50 mM + 10
of the structure of the phosphate complex described in themMm)/10 mM = 20.4 mM.
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binding of fluoride to pyrophosphatases and interpreted their
results in a model that involved the formation of a quaternary
enzyme-Mg—PR—F complex 88—40). Fluoride binding to

urease, an enzyme that also possesses a dinuclear metal site7_ Koonin, E. V. (1994)Protein Sci. 3 356-368.

containing two Ni ions, is even more relevant to the present
study @4). In urease, fluoride binds rapidly to a competitive
site with a K4 of 1 mM, but fluoride binding to an
uncompetitive site was shown to be slow and to havg a

of 0.2 mM. The rates of slow fluoride binding observed by
these authors were 0.068.038 s?, which are in the same
range as the rates observed in this work. Slow inhibitor
binding is normally associated with very tight binding
inhibitors, with binding constants1 nM (34), but fluoride
binding to PAP and the enzymes mentioned above is rather
weak M to mM range). Molybdate and fluoride both bind
to the PAP active site and both do so by displacing the same
ligands, so why is slow binding only observed for fluoride
and not for molybdate? Binding of the oxoanions involves
the fast formation of a preequilibrium in which the oxoanion
binds at the divalent metal ion, followed by slower coordina-
tion to Fé* (49-51). Most of the stablility of the oxoanion
complexes is derived from interactions with amino acid side
chain residues, such as histidines. For fluoride, which has
fewer possible interaction modes with these amino acids, the
binding strength may be due almost exclusively to its
interaction with the metal ion, and no preequilibrium should
exist. This in turn means that at inhibitor concentrations
aroundKy ([I] = Kq), kor[l] = ko, and, thereforekqps ~
0.5kot. For an inhibitor with the same valueslaf, ko and
overall Kq4, but now with a preequilibrium such that e.g.
Kapreequin = 5 x Ka, Kor[lJ/([l] + Kapreequi) = Kon/6 and,
therefore,kops ~ kon/6 and > ks The slow binding of
fluoride often observed for metalloenzymes may thus result
from the fact that its rate is determined by the slow
dissociation rate of fluoride from a metal ion and the absence
of other interactions besides metal coordination that con-
tribute to its stablility.
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SUPPORTING INFORMATION AVAILABLE

Lineweaver-Burke plots of inhibition of various BSPAP
forms by fluoride (Figure S1), replots of Kiyaps and
1N maxapp)@s a function of fluoride concentration for various
BSPAP forms (Figure S2), and EPR fluoride titration
experiments for FeZnBSPAP and FeZzrBSPAPRPQ, at
pH 5.0 and 6.5 (Figures S&6). This material is available
free of charge via the Internet at http://pubs.acs.org.
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