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Abstract To date, most spectroscopic studies on mam-
malian purple acid phosphatases (PAPs) have been
performed at a single pH, typically pH 5. The catalytic
activity of these enzymes is, however, pH dependent,
with optimal pH values of 5.5–6.2 (depending on the
form). For example, the pH optimum of PAPs isolated
as single polypeptides is around pH 5.5, which is sub-
stantially lower that of proteolytically cleaved PAPs (ca.
pH 6.2). In addition, the catalytic activity of single
polypeptide PAPs at their optimal pH values is four to
fivefold lower than that of the proteolytically cleaved
enzymes. In order to elucidate the chemical basis for the
pH dependence of these enzymes, the spectroscopic
properties of both the single polypeptide and proteo-
lytically cleaved forms of recombinant human PAP
(recHPAP) and their complexes with inhibitory anions
have been examined over the pH range 4 to 8. The EPR
spectra of both forms of recHPAP are pH dependent
and show the presence of three species: an inactive low
pH form (pH<pKa,1), an active form (pKa,1<pH<p-
Ka,2), and an inactive high pH form (pH>pKa,2). The
pKa,1 values observed by EPR for the single polypeptide

and proteolytically cleaved forms are similar to those
previously observed in kinetics studies. The spectro-
scopic properties of the enzyme–phosphate complex
(which should mimic the enzyme–substrate complex),
the enzyme–fluoride complex, and the enzyme–fluoride–
phosphate complex (which should mimic the ternary
enzyme–substrate–hydroxide complex) were also exam-
ined. EPR spectra show that phosphate binds to the
diiron center of the proteolytically cleaved form of the
enzyme, but not to that of the single polypeptide form.
EPR spectra also show that fluoride binds only to the
low pH form of the enzymes, in which it presumably
replaces a coordinated water molecule. The binding of
fluoride and phosphate to form a ternary complex ap-
pears to be cooperative.
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acid phosphatase from bovine spleen Æ PP1: Protein
phosphatase 1 Æ PP2B: Calcineurin Æ p-NPP: para-
nitrophenylphosphate Æ MES: 2-[N-morpholino]
ethanesulfonic acid Æ HEPES: (N-[2-hydroxyethyl]
piperazine-N¢-[2-ethanesulfonic acid]) Æ BSA: Bovine
serum albumine Æ EPR: Electron paramagnetic
resonance

Introduction

Purple acid phosphatase (PAP)(a), also known as tar-
trate-resistant acid phosphatase (EC 3.1.3.2.) or type 5
acid phosphatase, is a member of the ab-hydrolase
family. The presence of a mixed-valent dinuclear non-
heme iron center at the active site places it in the larger
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family of non-heme diiron enzymes, such as methane
monooxygenase, ribonucleotide reductase, and hemer-
ythrin [1–3]. To date, research has centered on the
elucidation of the active site structure of PAP. With the
publication of X-ray structure determinations of the
PAPs from kidney bean (KBPAP) [4, 5], sweet potato
[6], porcine uterine fluids (uteroferrin, Uf) [7, 8], and
rat bone (recRPAP) [9, 10], the focus of attention has
turned to the physiological function of these enzymes
[11, 12]. Mammalian PAPs exhibit a broad and non-
specific phosphatase activity towards phosphoproteins
[13, 14], and they are also able to perform Fenton-type
chemistry [15–17]. PAPs have been proposed to be in-
volved in the transport of iron in fetal pigs [18, 19], in
osteoporosis [20, 21], in the immune response [22–24],
and possibly in pathological processes such as Alzhei-
mer’s disease [25]. Although the cDNA sequence indi-
cates that the mammalian enzymes are translated as
single polypeptide proteins [26], purification often
yields a proteolytically cleaved enzyme that consists of
two non-covalently linked fragments with masses of ca.
20 and 16 kDa, respectively [13, 27]. The proteolyti-
cally cleaved form differs from the single polypeptide
form in catalytic activity, pH optimum, and charac-
teristic EPR spectrum at pH 5.0 [13, 28], due primarily
to the absence of an interaction between an aspartate
residue in an exposed peptide loop and the active site
residues [29].

Despite the availability of detailed structural infor-
mation, the catalytic mechanism of PAPs remains
ambiguous. Experiments with bovine spleen PAP
(BSPAP) and the substrate Sp-2¢,3¢-methoxymethylid-
ene-ATP-cSc18 Oc17 O containing a chiral phosphate
group showed that the hydrolysis results in net inver-
sion of configuration at phosphorus [30], ruling out the
mechanism with a phosphoenzyme intermediate that
had been proposed earlier [31] and supporting a
mechanism in which the substrate is directly attacked
by water. The mode of coordination of the substrate in
the active enzyme is not known, nor is the identity of
the water/hydroxide that acts as the nucleophile. Pos-
sibilities for the latter include: (1) a terminally bound
Fe3+ hydroxide; (2) a hydroxide bridging the Fe3+ and
Fe2+ ions; (3) a terminally bound Fe2+ hydroxide; and
(4) a water/hydroxide molecule in the second coordi-
nation sphere (Fig. 1) [32]. The absence of burst
kinetics for BSPAP at pH 7 has been interpreted in
terms of a model in which the hydrolysis of the phos-
phate ester is the rate limiting step, rather than the
release of phosphate [32].

Because it is assumed to mimic the binding mode of
the substrate, phosphate has been used extensively as a
substrate analogue. Several kinetics [33, 34] and spec-
troscopic studies at pH 5 (e.g., Mössbauer [35], NMR
[36], EPR [34], EXAFS [37], and CD/MCD [38]) have
shown that phosphate is a competitive inhibitor of the
enzyme and that it binds in a bidentate fashion to the
two metal ions. Merkx et al. [32] however, showed that
these studies were performed at a pH that is well below

the optimal pH for enzymatic activity and proposed that
at the pH optimum phosphate binds in a monodentate
fashion to the Fe2+ site. X-ray structures of recRPAP
crystallized at pH 7 [10], and k phage protein phos-
phatase [39], in which the active site residues are almost
identical to those of PAP [40], with sulfate bound to the
binuclear site support this proposal. It should be noted,
however, that in both protein structures an inhibiting
cation is present (Zn in RPAP and Hg in kPP) which
may distort the active site structure, and the oxidation
state of the diiron center in the recRPAP structure was
not specified.

Electron paramagnetic resonance and kinetics stud-
ies, using fluoride as a hydroxide analogue and phos-
phate as a substrate analogue, have shown that FeZn–
BSPAP forms a ternary enzyme–phosphate–fluoride
complex in which fluoride presumably replaces a water/
hydroxide bound to the ferric ion [41]. Based on the shift
in the Fe3+-l–OH vibration of FeZn–Uf and FeZn–Uf–
AsO4 observed in the resonance Raman spectra, Que
and co-workers proposed that the nucleophile is the
bridging water/hydroxide. Because this shift was not
observed with phosphate, however, the binding mode of
phosphate, and thus of substrate, remains an open
question [42]. Recent ENDOR results, which indicated
the absence of a solvent molecule at the trivalent metal
site [43], were interpreted in favor of the bridging
hydroxide as the nucleophile although in high-resolution
structures of the closely related protein phosphatases the
presence of ordered solvent ligands to the Fe3+ site is
clearly shown [44].

In the present study, we examined the pH dependence
of the kinetics and spectroscopic properties of the single
polypeptide and the proteolytically cleaved form of
Fe3+ Fe2+-recHPAP in the absence and presence of the
substrate analogue phosphate and the hydroxide ana-
logue fluoride. The results provide new insights into the
mode of coordination of these anions to the diiron site
of mammalian PAPs under catalytically relevant con-
ditions.

OH

Fe
3+

H(2)O
OH(2)

Fe
2+

O

H

H
OH

P
OR

OO

(1)

(2)

(4)

(3)

(3)

Fig. 1 Schematic representation of the dinuclear active site with the
possible nucleophilic water/hydroxide. (1) Terminally bound Fe3+

hydroxide; (2) a hydroxide bridging the Fe3+ and Fe2+ ions; (3) a
terminally bound Fe2+ hydroxide; or (4) a water/hydroxide
molecule in the second coordination sphere
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Materials and methods

General

Single polypeptide recHPAP was expressed by a bacu-
lovirus expression system and the reduced form was
produced using a 10 L Bioflow 3000 system (New
Brunswick Scientific) for large-scale production and
purified. Reduced proteolytically cleaved protein was
obtained by trypsin digestion, followed by Fe2+/ascor-
bic acid reduction and size exclusion chromatography as
described [28]. Enzyme concentrations were determined
after centrifugation of the sample (10,000g) from the
maximal absorbance in the UV–vis spectrum
(kmax=505–550; �=4,080 M�1 cm�1) [45] on a Cary 50
spectrophotometer.

Kinetics

All assays were performed using the fixed-point assay at
22�C [28]. The assay buffer contained 100 mM Na-ace-
tate, 100 mM MES, or 100 mM HEPES. Enzyme dilu-
tions were made in 50 mMMES pH 6.5, containing 2 M
KCl and 0.5 mg/ml BSA. Values of Ki were determined
by measuring the rate of hydrolysis of p-NPP, using at
least six different p-NPP concentrations with several
fixed inhibitor concentrations. Assay time was restricted
to 2 min. The results were fitted to the appropriate
inhibition equation using the program Leonora (Athel
Cornish-Bowden, version 1.0, 1994).

pH dependence of the EPR spectrum
of reduced recHPAP

Electron paramagnetic resonance spectra were obtained
at 4–5 K on a X-band Bruker ECS106 EPR spectrom-
eter equipped with an Oxford Instruments ESR900 he-
lium-flow cryostat with an ITC4 temperature controller
and a AEG magnetic field calibrator. To follow a pH
titration by EPR, 150 lL of mixed-valent recHPAP was
taken for each pH from an enzyme stock solution, and
buffer exchanged into a buffer mix (150 mM Na-acetate,
150 mM MES, and 150 mM HEPES, 180 mM KCl, and
20% glycerol) at the appropriate pH by repetitive dilu-
tion/concentration. The pH of each sample was mea-
sured to ensure correct pH and the sample was
centrifuged (10,000g). The enzyme concentration and its
kmax at this pH were determined by UV–vis spectros-
copy before the sample was transferred to the EPR tube.
The protein was frozen in liquid N2.

pH dependence of the EPR spectrum
of the enzyme–phosphate complex

Electron paramagnetic resonance samples containing
reduced recHPAP were thawed and made anaerobic by

repetitive vacuum/flushing with argon. From anaerobic
stock solutions of phosphate, prepared at the correct pH
to avoid changes in sample pH, phosphate was added
under anaerobic conditions to a concentration of
50 mM and the samples were frozen in liquid N2

immediately after mixing. After recording the EPR
spectrum, the sample was thawed and kmax and its
concentration were determined within a minute by
measuring its UV–vis spectrum. No protein denatur-
ation was observed.

pH dependence of the EPR spectrum
of the enzyme–fluoride and enzyme–fluoride–phosphate
complex

Reduced samples of recHPAP were buffer exchanged to
the appropriate pH in a buffer containing 150 mM
Na-acetate, 150 mM MES, 150 mM HEPES, 180 mM
KCl, and 20% glycerol, and EPR spectra were recorded.
After thawing, the samples were made 10 mM in fluo-
ride using stock solutions, visible spectra were recorded
and the samples were frozen in liquid N2. After
recording the EPR spectra, the samples were thawed and
made anaerobic, and phosphate was added from an
anaerobic stock solution that had been adjusted to the
destined pH, to give concentrations of 50 mM. After
again recording the EPR spectra, the samples were
thawed and UV–vis spectra were recorded within a
minute at thawing. UV–vis spectra and centrifugation
did not show enzyme denaturation during all EPR
experiments.

Analysis of EPR spectra

The spectra were analyzed using the programs SAE02,
SAE03, and SAE15, programs developed by Dr. S.P.J.
Albracht (Swammerdam Institute of Life Sciences). The
major species of single polypeptide PAP EPR spectra at
pH 5.6 and 8.0 and the species of the cleaved PAP at
pH 4.0 were simulated using the program SAE15.
Summation of varying ratios of these three simulated
features resulted in measured spectra, verifying the
assumption that all spectra of both single polypeptide
recHPAP and cleaved recHPAP can in fact be explained
in terms of a summation of three distinct EPR-spectra in
ratios depending on pH.

To determine pKa values from the EPR spectra of
native enzyme and the enzyme–phosphate complex,
spectra were analyzed using the following procedure.
The signal height of the corrected signals at gz=1.97,
gz=1.94, gz=1.86 were determined. These intensities
were made relative by plotting them to the constant
signal height of the g=1.73 feature. The relative
intensities were then adjusted to range from 0 to 1. For
the determination of the pKa,1 of the phosphate com-
plex the total signal intensity was used because the
gz=1.86 feature was not detectable. These data were
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fitted to the Henderson–Hasselbalch equation to ex-
tract a value for pKa using the program Igor Pro
(Wavemetrics). Errors of pKa values were maximal
0.2 pH units.

Results

pH dependence of single polypeptide and proteolytically
cleaved recHPAP

Earlier studies on the single polypeptide and proteo-
lytically cleaved forms of recHPAP showed that upon
proteolysis the characteristic EPR spectrum at pH 5.0
changes from a rhombic signal with features at
gxyz=1.58, 1.73, 1.94 into a more axial signal with
features at gxyz=1.58, 1.73, 1.86. Reported g-values
throughout the text are apparent g-values, unless stated

otherwise. Together with this change, a shift in pKa,1

was observed in the kcat versus pH optimum [28]. To
gain more insight into the origin of the pH dependence,
we have measured the EPR spectrum of single poly-
peptide recHPAP over the pH range 4.0–8.0. Figure 2a
shows that as the pH is increased from 4.0 to 8.0, three
different species are observed, with gxyz=1.58, 1.73,
1.86; gxyz=1.58, 1.73, 1.94; and gxyz=1.60, 1.73, 1.97,
respectively. With decreasing pH no additional features
at g>2 were observed. Simulation of the EPR spectra
of the three species and summation in varying ratios
confirmed the observed EPR spectra (not shown).
Plotting the relative intensities of the three species
(signal intensity relative to the intensity of the almost
unchangeable gy=1.73 signal) versus pH (Fig. 3) shows
that the intensity of the signal of the low pH species
(gz=1.86) decreases as the pH increases. To extract
pKa values from the plots of Fig. 3, the data were fitted
to the Henderson–Hasselbalch equation, which gave
pKa values with typical errors of ±0.2 pH units. At
pH 5.6 (near optimal pH), only one species (that with
gz=1.94) is present in significant amounts, approxi-
mately 80%. The relative intensity of this species in-
creases with increasing pH from 4.0 to 5.9 and then
decreases as the pH is increased further. As the
gz=1.94 signal decreases in intensity at pH >5.5, a
concomitant increase in the intensity of a species with
gz=1.97 is observed. The gz=1.97 feature is observable

Fig. 2 Electron paramagnetic resonance spectra of native (thick-
line) single polypeptide (a) and proteolytically cleaved recHPAP (b)
over the pH range 4–8. Addition of 50 mM phosphate (dottedline)
to the native form was performed under anaerobic conditions. All
spectra were corrected for instrument gain and temperature, and
the phosphate spectra were normalized using the spin concentra-
tions of the native samples. EPR conditions: microwave power,
2 mW; microwave frequency, 9.42 GHz; modulation, 12.7 G at
100 KHz; T, 4.5–5 K
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as a shoulder on the gz=1.94 signal at pH values below
pKa,2. Even though kinetics studies deal with pH
dependence of the enzyme–substrate complex and the

EPR spectra are due to the native enzyme in the ab-
sence of substrate, the similarity of the pH dependence
of both the gz=1.94 species and kcat [28] (Table 1)

Fig. 3 Relative intensities of
the EPR signals of single
polypeptide (left panel) and
proteolytically cleaved (right
panel) recHPAP. a kcat versus
pH of recHPAP, from [27]; b
relative intensity of the gz=1.86
signal of the native enzyme; c
relative intensity of the gz=1.94
signal without (closed marks)
and with (open marks) the
presence of 50 mM phosphate;
d relative intensity of the
gz=1.97 signal without (closed
marks) and with (open marks)
the presence of 50 mM
phosphate. To generate the
figure, the relative intensity was
taken as the height of the
respective 1.85, 1.94 or 1.97
signals from the EPR spectra at
different pH, relative to the
height of the nearly constant
gy=1.73 signal. All relative
intensities were normalized
between 0 and 1. The data of
the native enzyme were fitted to
the Henderson–Hasselbalch
equation (thickline). In d a fitted
line for the phosphate complex
has also been added (dotted
line)
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strongly suggests that both are due to the same pH-
dependent chemical transformations. In particular, the
kinetically determined values of pKes,1 and pKes,2 cor-
relate very well with the conversion of the gz=1.86
species into the gz=1.94 species and with the conver-
sion of the gz=1.94 species into the gz=1.97, respec-
tively.

Given the correlation between the pH dependence of
the kinetics and the EPR spectra observed for the single
polypeptide form of recHPAP, a similar correlation
might be expected between the pH dependence of the
kinetics and the EPR spectrum of the proteolytically
cleaved protein, which has a pKes,1 of 5.5 versus 4.6 for
the single polypeptide form [28]. The EPR spectra of
recHPAP that has been subjected to complete cleavage
with trypsin are shown over the pH range 4.0–8.0 in
Fig. 2b. Again, three different species are observed, with
the same gxyz values as for single polypeptide recHPAP.
The conversion from the gz=1.86 species to the gz=1.94
species occurs at higher pH, however, in agreement with
the higher pKa values observed in the kinetics. A plot of
the relative intensities of all EPR-detectable species
versus pH (Fig. 3) shows that there is indeed a correla-
tion between the pKa values observed in kinetics and the
interconversions observed by EPR for the proteolyti-
cally cleaved form of recHPAP.

The UV–vis spectra of single polypeptide and pro-
teolytically cleaved PAP in the presence and absence of
various inhibitors show a broad absorption band in the
500–560 nm region [46]. For single polypeptide PAPs
(and proteolytically cleaved ‘‘low salt’’ BSPAP), kmax is
observed around 510–515 nm, while for proteolytically
cleaved ‘‘high salt’’ BSPAP a maximum around 536 nm
is reported [47]. The pH dependence of kmax of both
single polypeptide and proteolytically cleaved recHPAP
is depicted in Fig. 4a, which shows that for the proteo-
lytically cleaved enzyme kmax shifts to higher wave-
lengths with decreasing pH (from 513 nm at pH 6.0 to
almost 535 nm at pH 4.1). In contrast, the spectrum of

the single polypeptide form exhibits almost no pH
dependence: kmax shifts only from 514 nm at pH 6.0 to
518 nm at pH 4.1.

Phosphate coordination

Both EXAFS studies and X-ray crystal structures of
FeFe–PAP [7, 48] have shown that phosphate, a sub-
strate analogue, coordinates to the dimetal center of
oxidized PAPs in a bridging mode. In contrast, mecha-
nistic and spectroscopic studies have been interpreted as
showing that, under catalytically relevant conditions,
phosphate binds to the ferrous ion of the mixed-valent
diiron center [32]. In order to examine the pH depen-
dence of phosphate coordination, the EPR spectra of the
mixed valent states of both the single polypeptide and
proteolytically cleaved forms of recHPAP were mea-
sured in the presence of 50 mM phosphate at various pH
values under anaerobic conditions. The spectra of the
enzyme in the presence of phosphate (dotted lines in
Fig. 2a) show that addition of phosphate at pH 4.1–5.6
results in the loss of the gz=1.86 signal for the single
polypeptide form of recHPAP. In addition, the total
spin concentration decreases substantially with
decreasing pH; presumably, due to partial formation of
the enzyme–phosphate complex, whose relaxation
properties preclude its observation under these condi-
tions of temperature and microwave power [34, 49].
Fitting of the increase in total spin concentrations (de-
rived from the spectra in the absence and presence of
phosphate at each pH) to the Henderson–Hasselbalch
equation gives an apparent pKa of 4.6. The intensities of
the gz=1.94 and gz=1.97 signals do not change upon
addition of phosphate (Fig. 3), suggesting that phos-
phate can bind only to the gz=1.86 species in single
polypeptide recHPAP, but not to the active (gz=1.94) or
high pH (gz=1.97) species. As shown in Fig. 2b, the
proteolytically cleaved form of recHPAP behaves dif-

Table 1 Apparent pKa values derived from kinetics and spectroscopic measurements for single polypeptide and proteolytically cleaved
recHPAP

Single polypeptide Proteolytically cleaved

pKa,1 From pKa,2 From pKa,1 From pKa,2 From

Kinetics
Ea 5.0 5.6
E–pNPPa 4.6 6.7 5.5 6.9
E–F–pNPP �4.5–5.0 – �5.5 –
EPR
E 4.6 Decr. 1.86 incr. 1.94 7.2 Decr. 1.94 incr. 1.97 5.1 Decr. 1.86 incr. 1.94 �6.8 �6.1 Decr. 1.94 incr. 1.97
E–PO4 4.5 Incr. Total s

ignal intensity
7.1 Decr. 1.94 incr. 1.97 � 6 Incr. total s

signal intensity
� 6.8 Decr. 1.94 incr. 1.97

E–Fb � 4.5 Incr. 1.94 � 7.5 Incr. 1.97 � 5.5 Incr. 1.94 � 7.5 Incr. 1.97
E–F–PO4b – � 7.5 Incr. 1.97 –

The values of these pKa’s were derived with described methods from Fig. 3. In the column accompanying the pKa value is described from
which EPR feature the value was obtained
aFrom Ref. [28]
bEstimated from Figs. 2, 5, and 7
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ferently. In this case, addition of 50 mM phosphate at
pH 4.0–5.6 results in the virtual disappearance of the
EPR spectra of all three species present. At higher pH
values, however, both the active (gz=1.94) and high pH
(gz=1.97) species can be observed even in the presence
of 50 mM phosphate. At pH 7.0, addition of phosphate
results in only a 40% decrease in the total spin con-
centration and fitting the increase in total spin concen-
tration (before and after phosphate addition at each pH)
to the Henderson–Hasselbalch equation results in an
apparent pKa of 6.0. In addition, the pH at which the
gz=1.94 signal begins to decrease is 6.8 in both the na-
tive and phosphate-bound form, although for the
gz=1.97 feature an apparent pKa of 6.1 was determined.

Addition of phosphate to the reduced single poly-
peptide recHPAP has virtually no effect on the UV–vis
spectrum (Fig. 4b). At pH values below 5, a slight in-
crease in kmax is observed, from 518 to 520 nm. For the
reduced state of the proteolytically cleaved enzyme,
addition of 50 mM phosphate at pH 4.0 increases kmax

from 534 to approximately 550 nm. No changes are
observed for either the single polypeptide or proteolyt-
ically cleaved enzyme upon addition of phosphate at pH
‡5.

The pH dependence of the inhibition constants for
phosphate for both the single polypeptide and proteo-
lytically cleaved forms of recHPAP is depicted in Fig. 5.
For the single polypeptide protein, ki increases at higher
pH, while for the proteolytically cleaved form no change
in ki is observed as a function of pH. At pH below 5, a
Ki of 3 mM is found, and phosphate is a competitive
inhibitor. Fitting the data to a mixed competitive inhi-
bition equation gave no evidence for an uncompetitive
element for either single polypeptide or proteolytically
cleaved recHPAP. At higher pH, ki increases to
approximately 12 mM for the single polypeptide protein
at pH 6.5. Plotting log ki versus pH shows no evidence
that deprotonation of an active site residue is coupled to
phosphate binding in this pH range.

Fluoride coordination

In principle, fluoride is able to function as an analogue
of the hydroxide ion. Fluoride could, therefore, replace
three different groups at the diiron site in PAP; a puta-
tive terminal ferric hydroxide, a bridging hydroxide,
and/or a water/hydroxide bound to the ferrous site. To
study the pH dependence of binding of fluoride in EPR,
10 mM fluoride was added to single polypeptide and

Fig. 5 Competitive inhibition constants with errorbars for phos-
phate of single polypeptide (left panel, open square) and proteolyt-
ically cleaved (right panel, filled square) recHPAP versus pH

Fig. 4 pH dependence of kmax of single polypeptide (open circles)
and proteolytically cleaved (filled circles) recHPAP in their native
state (a), and in the presence of 50 mM phosphate (b), 10 mM
fluoride (c), and 50 mM phosphate plus 10 mM fluoride (d)
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proteolytically cleaved recHPAP at five different pH
values. As shown in Fig. 6, a very broad EPR spectrum
is observed at pH <pKa,1. Above pH 5.1 for single
polypeptide and pH 6.1 for proteolytically cleaved
recHPAP, addition of 10 mM fluoride causes no sig-
nificant changes in the EPR spectra, suggesting that
fluoride does not bind to the binuclear center of either
form. As with phosphate, the pH at which the added
ligand perturbs the EPR spectrum of both forms is
comparable to pKa,1. This value was not determined
mathematically as described for the native- and phos-
phate-bound forms, however, but is based on visual
inspection of the intensities of the EPR features. This
result strongly suggests that fluoride can replace a
coordinated water molecule, but not a bound hydroxide
ion, and it supports the assignment of pKa,1 to the de-
protonation of a coordinated water molecule. Thus,
proton transfer events at the active site can be monitored
by EPR spectroscopy. In contrast, the pH at which the
gz=1.94 feature is converted into the gz=1.97 signal,
which correlates with pKa,2 in the native enzyme, is
apparently affected by the presence of fluoride and shifts
from approximately 7 to 7.5.

With visible spectroscopy, a shift of kmax to higher
wavelength is observed upon addition of fluoride at pH
<5 for single polypeptide PAP and at pH <6.5 for the
proteolytically cleaved form. The data for the kmax

versus pH graphs of single polypeptide and proteolyti-
cally cleaved enzyme–fluoride complex, shown in
Fig. 4c, were obtained by titration of a pH 7.4 sample
with HCl, rather than by measuring the visible spectra of
the EPR samples.

Kinetics experiments with fluoride as inhibitor show a
pH-dependent uncompetitive inhibition pattern (Fig. 7).
Values of ki are � 0.2 mM at pH 4–4.5 for both forms

Fig. 7 Plot of the logarithm of the uncompetitive inhibition
constant with error bars for fluoride versus pH for single
polypeptide (left panel) and proteolytically cleaved (right panel)
recHPAP

Fig. 6 EPR spectra of native (thick line) single polypeptide (a) and
proteolytically cleaved recHPAP (b) over the pH range 4–8. 10 mM
fluoride (dotted line) was added to the native forms. All spectra
were corrected for instrument gain and temperature, and the
fluoride spectra were normalized using the spin concentrations of
the native samples. EPR conditions: microwave power, 2 mW;
microwave frequency, 9.42 GHz; modulation, 12.7 G at 100 KHz;
T, 4.5–5 K
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and 7 mM for single polypeptide and 2 mM for pro-
teolytically cleaved recHPAP at pH 6.5. Plots of the
logarithm of ki versus pH show that fluoride binding to
the proteolytically cleaved enzyme is independent of pH
between pH 4.0 and 5.4, while a slope of approximately
one is found above pH 5.4. Although, the break in the
plot is not as obvious for the single polypeptide enzyme,
the data are consistent with a pKa of �4–4.5 for single
polypeptide recHPAP. At higher pH, the maximum
inhibition of fluoride decreases, resulting in only 40%
inhibition at pH 7.3 for single polypeptide and 20%
inhibition for proteolytically cleaved recHPAP, as ob-
served in a plot of fluoride concentration versus relative
activity at 50 mM p-NPP (Fig. S1). When residual
activity was plotted versus pH and fitted to the Hen-
derson-Hasselbalch equation, a pKa of 6.4 was fitted for
single polypeptide recHPAP and 6.9 for proteolytically
cleaved recHPAP, respectively.

The enzyme–fluoride–phosphate complex

Figure 8 shows the EPR spectra of single polypeptide
and proteolytically cleaved FeFe-recHPAP as a function
of pH in the presence of both 10 mM fluoride and
50 mM phosphate. Anaerobic addition of either phos-
phate to the enzyme–fluoride complex or fluoride to the
anaerobic enzyme–phosphate complex at lower pH
values results in disappearance of the EPR signal due to
the formation of an EPR silent species (or a species with
a very broad signal under the conditions examined). At
higher pH values, however, the EPR spectra do not
disappear completely. For the single polypeptide en-
zyme, the spectrum at pH ‡6 is that of a mixture of the
gz=1.94 and 1.97 species. With proteolytically cleaved
PAP, the signal due to the uncomplexed enzyme is ob-
served above pH 7. The pH at which the 1.94 species is
converted into the 1.97 species is higher in the presence
of fluoride and phosphate, similar to the increase ob-
served in the presence of fluoride alone. Separate addi-
tion of fluoride or phosphate shows that the loss of
intensity is not due to oxidation of the sample, sug-
gesting that binding of phosphate and fluoride to form a
ternary complex results in a significant change in the
relaxation properties of the mixed-valent diiron center.

In the visible spectra, an increase in kmax is observed
for the enzyme–phosphate–fluoride complex at pH <5.
As depicted in Figure 4d, this shift is most pronounced
for proteolytically cleaved recHPAP

Fig. 8 Electron paramagnetic resonance spectra of single polypep-
tide (a) and proteolytically cleaved recHPAP (b) over the pH range
4–8 in the absence (thickline) and presence (dottedline) of 10 mM
fluoride and 50 mM phosphate. All spectra were corrected for
instrument gain and temperature, and the enzyme–fluoride–
phosphate complex spectra were normalized using the spin
concentrations of the native samples. EPR conditions: microwave
power, 2 mW; microwave frequency, 9.42 GHz; modulation,
12.7 G at 100 KHz; T, 4.5–5 K
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Discussion

Evidence for multiple protonation states of recHPAP

The only previous studies of the pH dependence of the
EPR spectrum of a PAP were performed on proteolyt-
ically cleaved ‘‘low-salt’’ and ‘‘high-salt’’ FeFe-BSPAP
over the pH range 3–7. The EPR spectrum changed
from a rhombic species with gxyz=1.65, 1.77, 1.95 at
pH 3.6 to a more axial species with gxyz=1.59, 1.74,
1.86 at pH 6.1. The apparent pKa of 4.5 was attributed
to the deprotonation of a metal-bound water molecule
[50, 51]. Addition of phosphate gave signals with
gxyz=1.49, 1.74, 1.91 at pH 3.6 and gxyz=1.45, 1.74,
1.85 at pH 6.1, whose intensity increased with increasing
pH [50]. For the phosphate complex of ‘‘high-salt’’
BSPAP, EPR spectra showed the presence of only a
single species between pH 4.5 and 7, whose intensity
increased with increasing pH. The apparent pKa of 6 [41]
was substantially higher than the pKa of 4.5 reported for
the phosphate complex of the ‘‘low-salt’’ form, but
identical to that observed in subsequent kinetic studies
[32]. As previously reported, the pKa observed by
kinetics for recHPAP is shifted to higher pH by prote-
olysis and it has been suggested that this pKa is due to
deprotonation of a residue coordinated to the ferrous
ion [28, 29]. To gain more insight into the differences in
kinetics and spectroscopic characteristics of single
polypeptide and proteolytically cleaved PAPs, we have
examined the pH dependence of both forms of recHPAP
using kinetics measurements, EPR spectrometry and
visible spectroscopy over a pH range that includes both
pKa values observed in kinetics studies. We have studied
both forms because two different PAPs, one a single
polypeptide (Uf) and one proteolytically cleaved
(BSPAP), have been extensively studied by spectroscopic
methods, and we wanted to examine both forms of a
single PAP to elucidate the specific effects of proteolytic
cleavage.

Our results show that the three different species
previously observed by EPR for PAPs from different
sources [52–54] are due to three different protonation
states of the enzyme (EH2

2+, EH+, and E). In the
remaining part of this discussion the following nota-
tion will be used: E for the inactive high pH form
(pH>pKa,2; gz=1.97); EH+ for the active form
(pKa,1<pH<pKa,2; gz=1.94); and EH2

2+ for the
inactive low pH form (pH<pKa,1; gz=1.86). Some-
what surprisingly, the pH dependence of the EPR
spectra correlates well with the pKa values obtained by
kinetics studies [28]. This result is unexpected, because
the pKa observed in the EPR spectra are those of the
uncomplexed enzyme, while the pKa observed in
kinetics studies is that of the enzyme-substrate com-
plex. It therefore appears as if addition of substrate
results only in minor changes in the pKa values of
catalytically relevant residues. As described below, this
hypothesis was tested using the substrate analogue

phosphate. The proton transfer event associated with
pKa,1 also produces a shift in kmax, which is more
pronounced for proteolytically cleaved PAP. The pro-
ton transfer event associated with pKa,2 is also ob-
served in the EPR spectrum, as shown by the change
in gz from 1.94 to 1.97. The lack of a concomitant
change in kmax, however, suggests that the residue
responsible is not a ligand to the ferric ion and sug-
gests that protonation/deprotonation of the residue
responsible for pKa,2 results in a conformational
change affecting the mixed-valent diiron site. Studies
on PPs suggest that deprotonation of a conserved
histidine near the dinuclear metal site (His92 in
recHPAP) is responsible for pKa,2 [55], and mutagen-
esis experiments suggested that this residue might be
involved in base catalysis [56]. However, neither iso-
tope effect studies nor the expected loss of the basic
limb of the pH profile of mutants have been reported
in support of this proposal [57–59]. Alternatively,
His92 could act as a base that regenerates the metal-
bound nucleophile [55, 60], but recent mutagenesis
results are not consistent with such a role. They sug-
gested that His92 is directly affected by the (de)pro-
tonation of an unknown residue, which is responsible
for pKa,2 [61]. Therefore, the observed gz=1.94–1.97
conversion in the EPR spectra might be an indirect,
though coupled, EH+ to E observation.

The interaction of recHPAP with phosphate,
a substrate analog

The interaction of the substrate analogue, phosphate,
with PAPs has been intensively studied. EXAFS and
EPR studies of the FeZn-form [37, 42, 62] and EXAFS
studies of the oxidized FeFe form [48] have suggested a
bridging coordination mode for phosphate. In contrast,
similar studies of a second class of inhibitory oxoa-
nions, represented by tungstate and molybdate, suggest
that they coordinate in a primarily monodentate fash-
ion to the ferric ion [62]. In the crystal structures of
KBPAP, uteroferrin, and rat bone PAP complexed
with phosphate [7, 9, 63], the phosphate bridges the
two metal ions in a 1,3-mode. With tungstate, a dis-
torted bridging coordination is observed for KBPAP
[63] with a slightly stronger binding to the ferric site,
similar to that observed in the closely related protein
phosphatases [64]. Merkx et al. [32] have argued that
these studies were performed at non-optimal pH values,
however, and these authors have presented data indi-
cating that at the optimal pH of these enzymes phos-
phate binds to the ferrous site in a monodentate
fashion [41] as suggested earlier [50]. A very recent
crystal structure of sweet potato Fe3+ Mn2+ PAP at
pH 3.5–4.0 showed the presence of a phosphate ion
coordinated to the two metal ions in an unusual
bridging tripodal mode [6].

Addition of phosphate to single polypeptide
recHPAP at different pH values (Fig. 2) showed that
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EH2
2+ binds phosphate to give a species that is effec-

tively EPR silent [34, 49], while phosphate apparently
does not bind to EH+ and E, as was observed in a
previous 1H-NMR study [65]. In principle, phosphate
can coordinate either in a bridging mode, replacing the
presumed water/hydroxide molecules at the ferric and
ferrous ions, or to the ferrous ion via replacement of
the water by one phosphate oxygen atom. The lack of
an observable EPR spectrum of the Uf–phosphate
complex at 4 K has been attributed to extremely fast
relaxation caused by the parameters J and D having
comparable magnitudes, presumably due to competing
exchange pathways resulting from the presence of a
bridging phosphate. Recent ENDOR experiments on
FeZn–Uf that showed no evidence for the presence of a
water molecule at the ferric site [43] suggest that
monodentate coordination of phosphate to the ferrous
ion is more likely, although expanding the coordination
number of the ferric ion from five to six upon phos-
phate coordination is also possible. In the 2.2 Å
recRPAP structure [9] and in the native PP2B structure
[66], however, water molecules at the ferric site could
be located and refined. Thus, the presence and location
of solvent molecules in and near the active site of PAPs
remains unclear.

Phosphate does not appear to bind to the binuclear
metal center of single polypeptide EH+, as shown by
the absence of any change in the EPR, optical, and
NMR spectra [65] upon addition of phosphate. In
contrast, at its optimal pH 6.3, the EPR spectrum of
proteolytically cleaved recHPAP loses intensity due to
partial formation of an enzyme-phosphate complex
(Fig. 2). The absence of changes in kmax, however,
suggests that phosphate does not coordinate to the
ferric ion of proteolytically cleaved EH+ . At pH
<pKa,1, however, visible spectra clearly show that
phosphate binds to the ferric site of proteolytically
cleaved EH2

2+, as found for the single polypeptide
form. These results suggest that, at the optimal pH for
activity, phosphate binds in a monodentate fashion to
the ferrous site of proteolytically cleaved recHPAP.
Phosphate could replace a water coordinated to the
ferrous ion and mimic a non-bridging substrate mole-
cule, as proposed by Merkx et al. [32]. The significant
difference in reactivity with phosphate observed for the
single polypeptide and proteolytically cleaved forms of
the enzyme are difficult to rationalize if both utilize
essentially the same catalytic mechanism, but may be
related to the higher turnover number observed for the
proteolytically cleaved form.

The interaction of recHPAP with fluoride,
a hydroxide analog

To further explore the difference between single poly-
peptide and proteolytically cleaved recHPAP, kinetics
and spectroscopic studies were performed in the pres-
ence of fluoride. Due to its ability to replace a nucle-

ophilic water/hydroxide, fluoride inhibits a number of
binuclear metalloenzymes, including urease [67], pyro-
phosphatases [68], and aminopeptidases [69, 70]. Inhi-
bition of the single polypeptide and proteolytically
cleaved forms of recHPAP by fluoride was found to be
uncompetitive over the pH range 4–7. Hayman et al.
[14] however, observed non-competitive fluoride inhi-
bition of human PAP at pH 5.7. Fluoride has been
reported to be either an uncompetitive [71], or a non-
competitive inhibitor [72] of other PAPs [41, 42]. The
uncompetitive inhibition observed for fluoride in this
work for the EH2

2+ species, together with the loss of
the EPR signal for both single polypeptide and pro-
teolytically cleaved recHPAP and the minimal effect of
fluoride on the absorbance maximum, suggests that
fluoride replaces the coordinated water that is respon-
sible for pKa,1, whose deprotonation gives the nucleo-
philic hydroxide. Earlier, fluoride titrations of Uf at
pH 4.9 monitored by EPR showed that fluoride does
not bind at concentrations below 10 Ki. At higher
fluoride concentrations (>50·Ki), a broad isotropic
EPR spectrum was observed [73], which resembles the
broad spectrum observed at low pH for single poly-
peptide and proteolytically cleaved recHPAP. These
observations agree with our fluoride inhibition and
EPR studies of the single polypeptide recHPAP: at
pH 5, a ki of 0.2 mM is found, and the EPR spectrum
is significantly perturbed at this pH. Thus, fluoride can
apparently replace a coordinated water molecule in the
EH2

2+ species, but not a coordinated hydroxide ion in
the EH+ species. At pH values above pKa,1 the lack of
changes in the visible and EPR spectra of the native
recHPAP enzyme strongly suggests that fluoride is not
coordinating to the metal site of active EH+, but
interaction with a residue in the first or second coor-
dination shell is possible. Thus, fluoride behaves simi-
larly with both the single polypeptide and
proteolytically cleaved forms of recHPAP. Below pKa,1

it binds to the metal site, but at a pH where the enzyme
is catalytically active it does not, as reported earlier for
urease [67].

The ternary enzyme–phosphate–fluoride complex,
a mimic for the active form of the enzyme
during catalysis?

Although, neither phosphate nor fluoride appears to
bind to the single polypeptide EH+ enzyme, addition of
both phosphate and fluoride produces a ternary en-
zyme–fluoride–phosphate complex, which in principle
should mimic the ternary enzyme–hydroxide–substrate
complex. At its optimal pH, the EPR signal of proteo-
lytically cleaved recHPAP is abolished by addition of
both fluoride and phosphate, consistent with formation
of a ternary complex even though kmax does not change.
In ‘‘high-salt’’ FeZn–BSPAP and FeZn–Uf, formation
of a ternary enzyme–fluoride–phosphate complex has
been observed by EPR [41, 42].
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Mechanistic implications

Distinguishing between the various mechanistic possi-
bilities based on these results is difficult. Candidates for
the nucleophile that attack the phosphate ester sub-
strate include: (1) a hydroxide terminally bound to the
ferric ion; (2) a hydroxide terminally bound to the
ferrous ion; (3) a hydroxide bridging the two metal
ions; and (4) a water in the second coordination sphere
of the ferric ion. Arguments for a ferric hydroxide
nucleophile include the observation that fluoride is a
50–100-fold better inhibitor of the AlZn form of
BSPAP than of the FeZn or GaZn forms [74, 75],
suggesting that it (and, by inference, hydroxide) inter-
acts with the trivalent metal. Similarly, visible and EPR
spectra [41] show that fluoride binding results in
changes in the spectrum of the high-spin ferric ion. The
following evidence, however, argues against a terminal
ferric hydroxide as the nucleophile: (1) kcat and pKa do
not change upon replacing the ferric ion with other
metal ions [75]; (2) the EPR spectrum of FeZn-recR-
PAP at pH 5 does not change upon proteolysis, in
contrast to the results observed for the FeFe form [28,
29]; and (3) ENDOR experiments give no evidence for
coordination of a solvent molecule to the ferric ion
[73].

The correlation between fluoride inhibition and the
loss of the NMR signal of the enzyme–fluoride com-
plex below pKa,1, together with the sensitivity of pKa,1

to perturbations at the divalent site [29, 65], suggest
that the nucleophile could be the bridging hydroxide.
Protonation of a bridging hydroxide, however, should
dramatically decrease the exchange coupling constant
J, resulting in greater changes in the EPR spectrum
than observed here. For example, binuclear complexes
containing a Ni(II)–OH–Ni(II) or Mn(II)–OH–Mn(II)
unit have J values of �4.5 and �9 cm�1, respectively,
which are decreased to << -2 and �1.7 cm�1,
respectively, upon protonation [76]. The lack of major
changes in the value of J [76] and in the EPR spectrum
[62] of proteolytically cleaved BSPAP over the pH
range 3.7–5.6 also argue against the bridging hydroxide
as nucleophile. The presence of a bridging carboxylate
in PAPs could, however, reduce the effect of proton-
ation of a bridging hydroxide on the exchange coupling
constant. Further support for the bridging hydroxide as
nucleophile comes from a recent structure of sweet
potato PAP at pH 4, in which a tridentate bridging
phosphate was observed [6].

This leaves either a terminal hydroxide bound to the
ferrous ion or a water molecule in the second coordi-
nation sphere as the remaining candidates for the
identity of the nucleophilic hydroxide. Unfortunately,
several pieces of data also argue against these options.
For example, the observed pKa of 4.5 for the enzyme is
almost six pH units lower than that of the hexaaquo
ferrous ion (pKa = 10.2), which is hard to reconcile
with the pKa of a water bound to a divalent metal ion.
The large red shift in kmax observed for proteolytically

cleaved recHPAP at pH values below pKa,1 suggests
that protonation results in an increased positive charge
on the ferric ion, which is also difficult to correlate with
the protonation of a terminal hydroxide bound to the
ferrous ion. However, the large red shift observed upon
oxidation and the increase in kmax to 525–530 nm for
FeZn–BSPAP [77] show that changes at the divalent
site do affect the effective positive charge on the tri-
valent ion. An important argument in favor of a div-
alently coordinated nucleophile is the dependence of
the specific activity of metal-substituted forms of the
enzyme upon the identity of the divalent metal ion [32,
74, 75].

The possibility that the nucleophile might be a water/
hydroxide in the second coordination sphere nucleophile
was put forward to rationalize the high activity of the
AlZn-form of BSPAP [75], given the fact that the ligand
exchange rates of Al3+ complexes are typically 100-fold
lower than those of the corresponding Fe3+ complexes
[78, 79]. The results presented in this study do not bear
directly on this possibility. The observed change in pKa

values for His92 mutants of recRPAP to more acidic
values are also consistent with this mechanistic possi-
bility [61]. Thus, it is clear that further research using a
variety of experimental approaches is necessary to re-
solve the problem of the identity of the nucleophilic
hydroxide.

Conclusions

We have shown that three different protonation states of
recHPAP can be observed by EPR and UV-vis spec-
troscopy. The pKa values observed spectroscopically for
the interconversion of these species correlate well with
the pKa values deduced from kinetics studies. At the
optimal pH for activity, both EPR and NMR [65]
spectra show that phosphate is unable to bind directly to
the diiron site in single polypeptide recHPAP, raising the
possibility that substrate may not bind directly to the
dinuclear site during catalysis. In contrast, phosphate
does bind to the ferrous site in proteolytically cleaved
PAP at its optimal pH in a monodentate fashion.
Kinetics studies and UV-visible and EPR spectra show
that fluoride, a hydroxide analogue, can replace a
coordinated water molecule, but not the nucleophilic
hydroxide derived therefrom. The combination of
kinetics and spectroscopic evidence now unambiguously
confirmed that pKa,1 results from the (de)protonation of
this nucleophilic hydroxide and its protonation state
controls the binding of inhibitory anions. In combina-
tion with our FeZn–recHAP studies [80] the bridging
hydroxide, thus, seems the most likely candidate for the
nucleophilic function.
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63. Klabunde T, Sträter N, Fröhlich R, Witzel H, Krebs B (1996) J

Mol Biol 259:737–748
64. Egloff MP, Cohen PTW, Reinemer P, Barford D (1995) J Mol

Biol 254:942–959
65. Dikiy A, Funhoff EG, Averill BA, Ciurli S (2002) J Am Chem

Soc 124:13974–13975
66. Kissinger CR, Parge HE, Knighton DR, Lewis CT, Pelletier

LA, Tempczyk A, Kalish VJ, Tucker KD, Showalter RE,
Moomaw EW, Gastinel LN, Habuka N, Chen X, Maldonado
F, Barker JE, Bacquet R, Villafranca JE (1995) Nature
378:641–644

67. Todd MJ, Hausinger RP (2000) Biochemistry 39:5389–5396
68. Pohjanjoki P, Fabrichniy IP, Kasho VN, Cooperman BS,

Goldman A, Baykov AA, Lahti R (2001) J Biol Chem 276:434–
441

562



69. Chen GJ, Edwards T, Dsouza VM, Holz RC (1997) Bio-
chemistry 36:4278–4286

70. Harris MN, Ming LJ (1999) FEBS Lett 455:321–324
71. Kawabe H, Sugiur Y, Terauchi M, Tanaka H (1984) Biochim

Biophys Acta 784:81–89
72. O’Hara A, Sawada H, Kato T, Nakayama T, Yamamoto H,

Matsumoto Y (1984) J Biochem 95:67–74
73. Wang X (1998) PhD Dissertation, University of Minnesota
74. Merkx M, Averill BA (1998) Biochemistry 37:8490–8497
75. Merkx M, Averill BA (1999) J Am Chem Soc 121:6683–6689

76. Gehring S, Fleischhauer P, Behlendorf M, Hüber M, Lorösch
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