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Purple acid phosphatases (PAPs) are ubiquitous iron-containing
enzymes characterized by their acidic pH optima and their intense
purple color due to a TyrO-to-FeIII charge-transfer transition.1 The
best-studied mammalian PAPs are those from bovine spleen
(BSPAP), porcine uterine fluids (uteroferrin, Uf), and rat bone,
which have been proposed to be involved in iron transport,2 the
immune response,3 and bone resorption.4 Consequently, PAP is a
potential therapeutic target for the structure-based design of
inhibitors for the treatment of osteoporosis and other disorders.

The amino acid residues coordinating the metal ions are
conserved in all PAPs.1 Crystal structures of inactive pH or redox
forms of the PAPs from kidney bean,5 recombinant rat bone,6 and
Uf 7 have shown that active PAPs contain an FeIII ion coordinated
to Tyr Oη, a His Nε, and an Asp Oδ2, in addition to a divalent
metal ion (Fe, Zn, or Mn) coordinated by a His Nε, a His Nδ, and
an Asn Oδ. A hydroxide ion and an Asp Oδ2 bridge the two metal
ions. To elucidate the enzymatic mechanism, we have measured
1H NMR spectra of recombinant single polypeptide human PAP
(recHPAP)8 in its enzymatically active FeIII -FeII form at, above,
and below its pH optimum.9 The spectra of inhibited forms of the
enzyme, containing fluoride and phosphate, have also been acquired.
The latter anions are generally considered as analogues of the
substrates hydroxide and phosphate esters, respectively. Our results
demonstrate that the group responsible for pKa,1 functions as a
“gatekeeper”, whose protonation state controls anion binding to the
mixed-valent dinuclear site.

The downfield region of the1H NMR spectrum of recHPAP in
H2O buffer at pH 5.5 (Figure 1A) shows the presence of six broad
hyperfine downfield-shifted signals (I-VI), as well as two broad
upfield-shifted signals at-27.8 and-69.0 ppm (not shown). These
signals are assigned to protons of ligands to the dinuclear
paramagnetic iron center, as found for other PAPs.10,11 This
conclusion is further supported by their very shortT1 longitudinal
relaxation times. The hyperfine-shifted NMR signals for recHPAP,
their chemical shifts, and the related relaxation times, as well as
the difference spectra obtained upon selective saturation, are
virtually identical to those previously reported for Uf.10b,c These
NMR data, together with the close resemblance of the EPR spectra
of these two enzymes,8 indicate that the molecular and electronic
structure of the active site of recHPAP is essentially identical to
that of the recently reported structure of Uf.7

NMR spectra of recHPAP were measured at pH< pKa,1 ) 4.6,
at the optimal pH) 5.5 for catalytic activity,8 and at pH> pKa,2

) 6.7. No differences were observed in the hyperfine-shifted signals
at pH 5.5 and pH 7.1, indicating that pKa,2does not involve a metal
ligand. We suggest that pKa,2 is instead due to ionization of one of
the two conserved His residues near the dinuclear site. In contrast,
decreasing the pH to<5.5 results in modest shifts for all signals
with the exception of signala, which is shifted by 12 ppm upfield
(signala′, Figure 1B) at pH 4.1. The position of signala′ remains
unaltered at pH< 4.8, while its intensity, which is unchanged in
D2O, increases with decreasing pH over the pH range 4.1-4.8,
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Figure 1. 1H NMR (500 MHz) spectra at 292 K of native recHPAP at pH
5.5 (A) and pH 4.1 (B). The spectra obtained in the presence of fluoride at
pH 4.1 (C) and in the presence of phosphate at pH 5.5 (D) and 4.1 (E) are
shown. Other sample conditions are given in the text.
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with a concomitant decrease in the intensity of signala. Thus, the
two species (deprotonated at pH> pKa,1 and protonated at pH<
pKa,1) represented by signalsa in Figure 1A anda′ in Figure 1B,
respectively, are in slow exchange on the NMR time scale. The
observed changes in the NMR signals indicate that pKa,1 is due to
a metal-bound moiety that is deprotonated in the active enzyme. A
plausible candidate for such a group is a metal-bound water, which
upon deprotonation has been proposed to act as the nucleophile in
phosphate ester hydrolysis by PAPs. Two alternatives have been
proposed for the catalytic nucleophile: a hydroxide terminally
bound to FeIII ,12 and the bridging hydroxide.13

To probe the nature of the nucleophile, we used1H NMR to
monitor the interaction of recHPAP with fluoride, an uncompetitive
inhibitor that forms an inactive ternary E‚S‚F complex,14 and with
phosphate, a product of the reaction and a competitive inhibitor.
1H NMR spectra of recHPAP in the presence of fluoride were
recorded at pH 7.1, 5.5, and 4.1. The spectra at pH 5.5 and 7.1 are
identical to those in the absence of fluoride, indicating that fluoride
does not bind at pHg 5.5. At pH 4.1, however, addition of fluoride
results in the disappearance of all hyperfine-shifted signals (Figure
1C), indicating that fluoride significantly perturbs the magnetic
interaction between the iron ions. The most plausible explanation
is that fluoride replaces a bridging ligand. The fact that this occurs
only when the group responsible for pKa,1 is protonated supports
the proposal that pKa,1corresponds to deprotonation of a coordinated
water molecule.12,13

The NMR spectra of recHPAP in the presence of saturating
concentrations of phosphate over the pH range 7.1-5.5 (Figure
1D) are essentially identical to those of the native enzyme,
indicating that phosphate does not bind to the dinuclear center under
these conditions. On the other hand, significant spectral changes
are observed at pH 4.1 (Figure 1E), showing that phosphate does
bind to the dinuclear site of recHPAP at pH< pKa,1. In contrast
with fluoride binding at this pH, the observation of broad hyperfine-
shifted signals in the spectrum of the phosphate complex indicate
that, as with Uf,15-16 binding of phosphate only slightly perturbs
the magnetic interaction between the metal ions. This conclusion
implies that phosphate does not replace a bridging ligand. Most
importantly, the NMR spectra demonstrate that phosphate doesnot
interact directly with the dinuclear metal center at the optimal pH
for enzymatic activity. This result suggests that the substrate
interacts only with protein residues prior to nucleophilic attack by
a coordinated hydroxide.

In conclusion, the present work demonstrates that binding of
inhibitory anions to the dinuclear mixed-valent site of recHPAP is
controlled by protonation of a ligand to the dinuclear center. The
correlation between the pKa values observed in kinetics studies and
the pH-dependent spectroscopic changes strongly suggests that this
ligand is the nucleophilic hydroxide that attacks the phosphate ester
substrate.
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