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ABSTRACT: The X-ray crystal structure of human prostatic acid phosphatase (PAP) in complex with a
phosphate ion has been determined at 2.4 Å resolution. This structure offers a snapshot of the final
intermediate in the catalytic mechanism and does not support the role of Asp 258 as a proton donor in
catalysis. A total of eight hydrogen bonds serve to strongly bind the phosphate ion within the active site.
Bound PEG molecules from the crystallization matrix have allowed the identification of a channel within
the molecule that likely plays a role in molecular recognition and in macromolecular substrate selectivity.
Additionally, the structure of PAP in complex with a phosphate derivative,R-benzylaminobenzylphosphonic
acid, a potent inhibitor (IC50 ) 4 nM), has been determined to 2.9 Å resolution. This structure gives new
insight into the determinants of binding hydrophobic ligands within the active site and allows us to explain
PAP’s preference for aromatic substrates.

Human prostatic acid phosphatase, discovered in 1935 by
Kutcher and Wolberg, has been of significant medical interest
ever since tests screening for serum PAP levels were
introduced to diagnose and stage prostate cancer (1).
Recently, the primary diagnostic protocol for detecting
prostate cancer has shifted from evaluating serum PAP levels
to utilizing the prostate specific antigen (PSA) test. The
accurate measurement of serum PAP levels is still of
considerable interest, however, due to its effectiveness in
staging metastatic prostatic cancer and evaluating the progress
of chemotherapy in cancer patients (2).

Protein tyrosine kinases (PTKs)1 play an important role
in the normal and malignant growth of cells (3) and have
been extensively studied for nearly two decades. In contrast,
relatively little is known about the functional role of protein
tyrosine phosphatases (PTPs). Only recently have PTPs
studies intensified as their importance in maintaining con-
trolled cellular growth and possibly oncogenesis has been
explored (4-8).

PAP has been shown to possess protein tyrosine phos-
phatase activity as demonstrated in vitro by its ability to
dephosphorylate the EGF receptor from prostate carcinoma
cells (7), but its physiological substrate remains unknown.
It has been demonstrated that human prostate cancer cells

show a decreased level of expression of the cellular form of
the enzyme and that the intracellular level of this enzyme is
inversely correlated with the cellular growth rate (8-11).

PAP, which is secreted by epithelial cells in the prostate
gland, is found in seminal fluid at concentrations reaching 1
mg/mL (12). PAP belongs to the family of high-molecular
mass phosphatases and is classified as an acid phosphatase
due to its optimum pH range of 4-7. Mature PAP is secreted
as a glycosylated homodimer consisting of two 50 kDa
subunits. The enzyme is capable of hydrolyzing a wide
spectrum of substrates, including alkyl, aryl, and orthophos-
phate monoesters in addition to phosphotyrosyl proteins (13).
Human PAP, like most phosphomonoesterases, is also able
to catalyze the transfer of phosphoryl groups to hydroxyl
compounds (14).

The catalytic mechanism of the enzyme has been exten-
sively studied, including numerous mechanistic studies, and
it was concluded that PAP acts like a histidine phosphatase
(15-17). Site-directed mutagenesis studies have shown that
H12 and R11 are essential for catalysis, while substitution
of residues corresponding to R15, R79, H257, and D258
severely impairs catalytic activity (18). The crystal structures
of complexes of the rat enzyme with vanadate and molybdate
ions have also been reported (19); the active site residues
are conserved between rat and human PAP, and these studies
appear to be applicable to the human enzyme. The structures
show the ions forming covalent bonds to the active site H12;
therefore, they represent an important reaction intermediate.
The metal atoms are pentacoordinated with trigonal bipy-
ramidal geometry. These and other studies have allowed for
a detailed mechanistic description of the catalytic process
(17, 19, 20). The reaction proceeds via the classic double-
displacement pathway in accordance with Scheme 1 (20).
The reaction is initiated by the attack of the active site H12
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on the phosphate ester, resulting in a phosphoramidate
intermediate with release of the alcohol. The rate-limiting
step is the breakdown of this intermediate via the addition
of a nucleophilic water molecule, most likely activated by
D258, liberating inorganic phosphate and the free enzyme.
The result is a noncovalent binary enzyme-inorganic
phosphate complex, which dissociates, readying the enzyme
for the next substrate.

Recently determined structures of bacterial phosphatases
[phytase fromEscherichia coli(21), phytase fromAspergillus
niger (22), and pH 2.5 acid phosphatase fromA. niger(23)]
revealed structural and mechanistic similarity to PAP,
implying distant homology.

Unexpectedly, recent studies have shown strong expression
of PAP by breast cancer cells (24) and elevated levels of
PAP in tumors of neuroendocrine origin (25). Whether this
phenomenon gives an advantage to proliferating cells or is
just an aberration of cancer biology remains an open
question. PAP specific inhibitors should be a valuable tool
for studies of this problem. To this end, we have engaged in
structure-based development of tartrate-related PAP inhibi-
tors; preliminary data are reported elsewhere (26). Here we
report the structures of complexes of PAP with a phosphate
ion and with a phosphate-based inhibitor. The former is the
most precise structure of a eukaryotic histidine phosphatase
reported yet.

MATERIALS AND METHODS

Human PAP was purified from semen using tartrate
affinity chromatography as previously described by Van
Etten (27). Crystals were grown from solutions containing
7-10 mg of protein/mL, 30% PEG 1500, 7% PEG 1000,
6% PEG 400, 100 mM KCl, and 100 mM glycine (pH 10.0).
Typical crystals grew to a size of 0.15 mm× 0.1 mm× 0.1
mm and were then used in a macroseeding procedure that
yielded crystals with dimensions of 0.2 mm× 0.15 mm×
0.15 mm. These crystals belong to space groupP212121 with
the following unit cell dimensions:a ) 119.89 Å, b )
203.32 Å, andc ) 79.89 Å. The crystals were then soaked
in an artificial mother liquor solution containing either
sodium thymolphthalein monophosphate orR-benzylami-
nobenzylphosphonic acid (BABPA) for 2 days prior to data
collection. Thymolphthalein monophosphate was purchased
from Sigma, and BABPA was a gift from Johnson & Johnson
Pharmaceuticals.

The soaked crystals were flash-frozen at 123 K in a stream
of nitrogen generated by a low-temperature X-Stream at-
tachment (Molecular Structure Corp.). A Rigaku rotating
anode source at 50 kV and 100 mA with mirror optics and
a Raxis IV area detector at a distance of 170 mm were used
to collect data as 1° oscillation frames over a 180° range.
After rejection of reflections for whichI < 1σ(I), the data
set for the PAP‚Pi complex is 99.5% complete to 2.4 Å
resolution (99.8% in the 2.47-2.36 Å shell) with 89 003
unique reflections and anRmergeof 5.6%. After rejection of
reflections for whichI < 1σ(I), the data set for the PAP‚
BABPA complex is 82.2% complete to 2.9 Å resolution

(68.9% in the 3.00-2.89 Å shell) with 33 191 unique
reflections and anRmerge of 6.3%. All data were processed
with the HKL suite of programs (28).

Molecular Modeling and Refinement.Initial phases were
obtained from the crystal structure of native human PAP
determined at 3.1 Å resolution at room temperature (29).
The structure was optimized using simulated annealing,
conjugate gradient minimization, andB-factor refinements
with the CNS software (30). Visual inspection of the maps
and model rebuilding were carried out with Turbo Frodo (31).
A phosphate ion was then manually fitted in the correspond-
ing Fo - Fc density in all four subunits of the PAP‚Pi

complex. TheR factor of the final model is 19.1% (Rfree )
25.5%) in the resolution range of 12-2.4 Å with a root-
mean-square deviation from ideal bond lengths of 0.006 Å
and bond angles of 1.3°. Similarly, BABPA was modeled
into the correspondingFo - Fc density present again in all
four subunits of the PAP‚BABPA complex. The final model
yielded anRof 20.2% (Rfree ) 27.8%) in the resolution range
of 12-2.9 Å (Table 1). Superpositions were performed with
LSQKAB and TOP from the CCP4 suite of programs (32).
Accessible surface area calculations were performed with
the Lee and Richards buried surface accessibility algorithm
in CNS using a 1.4 Å probe radius. Two dimers (A-B and
C-D) are present in the asymmetric part of the unit cell,
but the quality of the data was such that noncrystallographic
symmetry restraints were not used during the refinement.

RESULTS

Phosphate Binding.Electron density maps are excellent
in general and reflect the highest-resolution data collected
for PAP to date. In particular, the active site density is very
good, allowing for unambiguous positioning of the HPO4

2-

ion. In all four subunits comprising the asymmetric unit, there
is tetrahedral electron density characteristic for a phosphate
ion (Figure 1). It is apparent that despite the high pH of the
mother liquor the substrate, thymolphthalein monophosphate,
was hydrolyzed and the alcohol product has dissociated. The
center of the tetrahedral electron density is 3.0 Å from H12,
too far to represent a P-N covalent bond. The positions of
the four phosphate oxygen atoms are clearly depicted by the
tetrahedral density and are coordinated by residues R11, H12,

Scheme 1

Table 1: Data Collection and Refinement Statistics

PO4 complex PABA complex

resolution (Å) 50-2.4 50-2.9
no. of reflections 89003 33191
Rmerge(%) 5.6 6.3
completeness (%) (last shell) 99.5 [99.8

(2.47-2.36 Å)]
82.2 [63.7

(3.0-2.89 Å)]
no. of waters 464 136
no. of carbohydrate atoms 267 180
no. of PEG atoms 108 127
no. of PO4 or PABA atoms 20 76
Rworking/Rfree (%) 18.8/25.2 20.2/27.8
rms deviations

bonds (Å) 0.006 0.007
angles (deg) 1.3 1.3
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R15, R79, H257, and D258. Three oxygen atoms of the
phosphate ion are positioned so that they are equidistant from
NΕ2 of H12, supporting the theory of an axial attack by
this nucleophile (19).

Additional density, not corresponding to water molecules,
is observed in the active sites of all four subunits. This
density is located approximately 3 Å from the phosphate
moiety and extends toward the opening of the active site
(Figure 2). It is tubular in shape and is situated approximately
2.8 Å from the face of the aromatic ring of Y123. This
density is much stronger in subunit D than in the other three
subunits, and extends to form a van der Waals contact with
Phe171. Sodium thymolphthalein monophosphate, a highly
specific substrate for PAP versus other phosphatases (33),
was used for the soaking experiment; however, the resulting
alcohol could not be modeled into this density with certainty.
Thus, no ligand was assigned to this density during the
refinement. It is possible that this density represents the
multiple binding modes of thymolphthalein as this region
of the active site presents multiple sites for hydrophobic
contacts. The enzyme has a higher affinity for aromatic
substrates, and tartrate-based inhibitors that possess such
aromatic groups exhibit significantly tighter binding than

does tartrate ion alone (34). Thus, it is likely that this density
represents a mixture of bound thymolphthalein and/or PEG
present in the mother liquor.

PEG Pentamer Density in the PAP‚Pi Complex.Strong
density was observed inFo - Fc maps in the cavity formed
by W336 and a stretch of residues S117-Q128 near the
dimer interface. The density was continuous, tubular, and
of a length corresponding to approximately five poly(ethylene
glycol) repeats. The modeled PEG pentamer is in contact
with the side chains of three residues (W336, Q120, and
N128) and is within 7 Å of thecorresponding PEG pentamer
modeled into the neighboring subunit (Figure 3). The PEG
density is located close to the 2-fold symmetry axis at the
dimer interface in the proximity of the active site cleft. This
region of the dimer is convex, forming a trough roughly 20
Å wide allowing access to both active site clefts. Also
noteworthy is the existence of a channel∼10 Å in length
that connects the extra density within the active site,
presumably corresponding to partially present thymolphtha-
lein or PEG, to the PEG pentamer density. This portion of
the enzyme may serve to aid in the recognition of protein
substrates.

FIGURE 1: In all four monomers comprising the asymmetric unit, there is tetrahedral electron density characteristic of a phosphate ion. It
is apparent that despite the high pH, the substrate was hydrolyzed and the alcohol has dissociated. The phosphate atom at the center of the
density is located 3 Å from His12, too far to represent a covalent bond. The positions of the four phosphate oxygen atoms are clearly
reflected in the tetrahedral density and are coordinated by residues Arg11, His12, Arg15, Arg79, His257, and Asp258 forming a total of
eight hydrogen bonds.

FIGURE 2: Fo - Fc density located in the opening of the active site pocket for monomer D in the asymmetric unit. It is tubular in shape
and is situated approximately 2.8 Å from the face of the aromatic ring of Y123. This density is located approximately 3 Å from the
phosphate moiety and extends toward the opening of the active site. The density appears to be too large in diameter to represent PEG alone
and likely corresponds to the partial occupancy of both thymolphthalein and PEG.
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Carbohydrates.Initial coordinates that describe in detail
the composition and position of the N-linked oligosaccharide
chains were based on the structure of the native enzyme (29).
These coordinates were based on 3.1 Å resolution data and
were found to be essentially correct. Surprisingly, carbohy-
drate density for several of the oligosaccharide units was
weak, indicating more disorder than was observed in the
native crystal. This led to the removal of several terminal
carbohydrate moieties. On the other hand, for two glycosy-
lation sites (N301 of subunit B and subunit D of the
respective dimers) density was improved, justifying the
placement of additional carbohydrate residues.

Tetramer Interface.PAP is active as a strongly bound
dimer; denaturation-renaturation and subunit reassociation
experiments showed that the PAP activity depends on dimer
formation (35). Subsequently, it was proposed that formation
of the dimer is instrumental in positioning R79 in the active
site (36). The catalytic importance of this residue was
demonstrated in both the human and rat enzymes as the
R79A mutant showed little or no catalytic activity (18, 19).
Recently, the steady state kinetics of the PAP were reevalu-
ated, and PAP was found to exhibit positive cooperativity
toward the three substrates that were studied: 1-naphthyl
phosphate, phenyl phosphate, and phosphotyrosine (11).
Cooperativity was dependent on both the aromatic nature of
the ligand and the concentration of phosphatase. Interestingly,
as the concentration of PAP was increased, the observed
cooperativity also increased as evidenced by an increase in
the calculated Hill cooperation coefficient. For instance, the
Hill coefficient observed for 1-naphthyl phosphate increased
from 1.66 to 3.59 when the PAP concentration was increased
from 2.1 to 68.1 nM. Since the Hill coefficient cannot exceed
the number of enzyme subunits, these data lead Luchter-
Wasylewska to propose that the active species is a dimer,
tetramer, or oligomer depending on the protein concentration
(11).

The rPAP crystals contain one subunit in the asymmetric
part of the unit cell; the active dimer is generated by a
crystallographic 2-fold axis, and all other symmetry elements
contain a translational component (19). This is not consistent
with the formation of tetramers by rPAP. The asymmetric

part of the unit cell in the human enzyme crystals contains
two dimers that show a fairly strong interaction with each
other. The formation of the active dimer from two monomers
leads to a reduction of the accessible surface from 32 091
to 29 195 Å2, a difference of 2896 Å2 or approximately 10%
of the total accessible surface. Hypothetical tetramer (dimer-
dimer) formation as observed in the crystal leads to a
reduction of accessible surface from 58 171 to 55 614 Å2.
This yields a difference of 2556 Å2, corresponding to a 5%
reduction in the total accessible surface. Even more impor-
tantly, the tetramer interface is significantly more hydrophilic
than the dimer interface as evidenced by formation of 11
interdimer hydrogen bonds. The main interaction between
the dimers occurs at the open face of the active site cleft
with the opening of the active site cleft in subunit A
positioned directly over the corresponding active site in
subunit D. This leads to a linear association of dimers
whereby the corresponding positions of dimer-dimer inter-
actions in both subunits B and C appear to be free to associate
with other dimers. In fact, visualization of symmetrically
equivalent atoms within the unit cell reveals that the dimers
indeed associate in the same manner with the available sites
on subunits B and C. This arrangement of subunits serves
to partially block substrate access to two of the active sites
within the tetramer. As evidenced by the structures reported
here and the isomorphous PAP-N-propyl tartramate complex
(34), small substrates easily gain access to the buried active
sites; however, large substrates such at tyrosyl proteins would
certainly be precluded. This evidence, coupled with the fact
that the dimer-dimer interface is predominantly hydrophilic,
suggests that the observed tetrameric arrangement is not
significantly populated in solution.

BABPA Binding.Despite the lower-resolution data, density
corresponding to the BABPA molecule and the active site
residues is quite good. This has been observed previously
in PAP complexes and is presumably due to high order
within the active site region. The phosphono group is
anchored by the same positively charged residues shown to
coordinate phosphate ion in the PAP‚Pi complex (Figure 4).
The carboxylate of D258 remains within 3 Å of the
phosphonic carbon; however, the inhibitor is oriented in such

FIGURE 3: (A) View of the PAP dimer looking down the 2-fold axis. Phosphate ions are rendered as space filing models, and the PEG
pentamers are rendered as balls and sticks. Carbon atoms are yellow and oxygen atoms red. This view shows the proximity of the PEG
molecules to the active site. The PEG pentamers are 7 Å apart and roughly 10 Å from the active site. (B) View of the PAP dimer perpendicular
to the 2-fold axis. This region of the dimer is convex, forming a trough roughly 20 Å wide allowing access to both active site clefts.
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a way that H-bonding between the nitrogen of the benzy-
lamino moiety and the carboxylate of D258 is not present.
The benzylamino group of the inhibitor is within van der
Waals distance of I18, F171, W174, and S175, taking
advantage of a distinct hydrophobic binding pocket within
the active site (Figure 4). D179 is not a part of the
aforementioned hydrophobic pocket as it remains out of van
der Waals contact (∼4.5 Å) with the aminobenzyl group.
Previous studies by Beers et al. (37) showed that the addition
of a hydroxyl group at the 2 or 3 position of this aminobenzyl
moiety slightly improved the IC50 for the inhibitor. Such a
H-bond donor would be well positioned to interact with this

residue and is likely the reason for the increased level of
binding. Beers et al. (37) also noted another slight improve-
ment in the IC50 value upon the addition of methyl group at
the 3 position on the benzyl moiety. The carbon at the 3
position on this aromatic ring is 3.7 Å away from the Y123
hydroxyl. A slight shift in the position of the Y123 side chain
could easily accommodate the added methyl group while
maintaining a suitable stabilizing interaction.

Tubular density corresponding to approximately five poly-
(ethylene glycol) repeats is also present within the entrance
to the active site in each subunit. This density is situated in
a channel linking the active site with the PEG molecules
located in the trough at the dimer interface (Figure 5).

DISCUSSION

The structure of the PAP‚Pi complex represents the
enzyme-product complex, adding another view to the
mechanistic picture of PAP. A superposition of the human
PAP‚Pi complex (pH 10.0) on the rat PAP-vanadate
complex (pH 5.4) andE. coli phytase-tungstate (pH 6.6)
complex reveals high-level conservation of the positions of
all active site residues aside from some minor deviation in
the conformation of residue R79 (Figure 6). The structure
of the PAP‚Pi complex strongly supports the theory of an
axial attack by H12, as three oxygen atoms of the phosphate
ion are positioned such that they are equidistant from the
H12 NΕ2 atom. The phosphate ion is coordinated by active
site residues R11, R15, R79, and H257 and overneutralized
by four positive charges. The resulting polarization depletes
the electron density at the phosphorus atom, readying it for
nucleophilic attack by H12.

Our data corroborate the roles of active site residues in
the reaction mechanism proposed by Lindqvist et al. (19);
however, some details should be reconsidered. At the
enzyme’s optimum pH, the substrate most likely enters the
active site carrying one proton. It is less certain if H257 is
protonated due to its proximity to R79, but protonation of
this residue is likely. Certainly in the PAP‚Pi complex, there
is a hydrogen bond between H257 and the phosphate ion.
The pKa values for the phosphoric acid and histidinium
moiety are similar, but with the oxygen atom of the
phosphate moiety being the acceptor of two hydrogen bonds
from the guanidinium group of R79 (Figure 1), it appears

FIGURE 4: (A) 2Fo - Fc density within the active site of the PAP‚
BABPA complex contoured at 1σ. Density for the bound BABPA
inhibitor is present in all four subunits along with tubular density
corresponding to approximately five PEG repeats. The phosphono
group is anchored by the same positively charged residues (cyan)
shown to coordinate the phosphate ion in the PAP‚PO4

2- complex.
As with the PAP‚PO4

2- complex, the phosphate atom is∼3 Å from
the NE2 atom of His12, indicating a noncovalent interaction.
Residues within van der Waals distance of the benzylamino group
are shown in purple and form a relatively hydrophobic binding site
with the exception of Asp179. The carboxylate of this residue is
∼4.5 Å from the benzyl moiety and is approximately perpendicular
to the plane of the ring. Residues Tyr123 and Pro125 (green) are
part of a more open channel that interacts with both the PEG
molecule and the benzyl group of the inhibitor. (B) Ligplot drawing
showing in detail the specific interactions of BABPA with the active
site (39).

FIGURE 5: PAP dimer rendered as a coil with the BABPA inhibitor
and PEG molecules rendered as balls and sticks. This is a general
view that allows one to see locations of the PEG molecules as they
fill the channel connecting the active site to the trough located near
the dimer interface.

Crystal Structure of the hPAP-Phosphate Complex Biochemistry, Vol. 42, No. 2, 2003387



more likely that the proton resides on H257. It is also likely
that D258 remains in the deprotonated form at the physi-
ological pH and the enzyme’s optimum pH of 5.0 as the
pKa of aspartic acid in polypeptide chains is normally 3.8-
4.0. In PAP, the pKa of D258 is presumably lower since its
carboxyl group is 3.2 Å from the guanidinium moiety of
R11. In the PAP‚Pi complex, the distance between the axial
oxygen atom of the phosphate moiety and the carboxylate
group of D258 is 2.8 Å, suggesting the formation of a
hydrogen bond as two acidic oxygen atoms tend to form a
site favoring proton binding. The geometry of this arrange-
ment, however, strongly suggests that if indeed such a
H-bond is formed the proton resides on the phosphate ion
(see Figure 1). The directions of the sp2 orbitals of the D258
carboxylate group, which would have to form the covalent
O-H bond, point above the axial oxygen atom. Thus, to
have an effective proton transfer to the carboxylate of D258
and formation of an H-bond in which an oxygen atom of
the carboxylate serves as the donor, a rotation of this side
chain would be required. Proton transfer from the carboxylate

of D258 to the alcohol leaving group has been previously
postulated in the PAP mechanism (19). This transfer is not
crucial since a plausible alternative is that the carboxylate
simply facilitates an intramolecular proton jump from an
equatorial oxygen atom to the axial oxygen atom within the
phosphate moiety upon the entrance of the phosphate ester
into the binding pocket. This transforms the alkoxy portion
of the phosphoester into a good leaving group. Even more
importantly, D258 was postulated to play a role in the
activation of a water molecule that attacks the phosphora-
midate intermediate; being happily hydrogen bonded to the
phosphate moiety certainly would not facilitate such a
function. In the rat PAP-vanadate complex, the position of
D258 in carboxylate is essentially the same as in the PAP‚
Pi complex (Figure 6) and similarly is not consistent with
this residue functioning as a hydrogen bond donor to an
oxygen of the vanadate [the vanadate complex structure does
not report solvent (19), and thus, the position of the water
molecule that is likely to attack the covalent intermediate
cannot be verified]. The ability of D258 to bind a water
molecule in a position suitable for nucleophilic attack on
the phosphohistidine intermediate is clearly demonstrated in
the E. coli phytase-tungstate complex (Figure 6) where
D304 (equivalent to D258) has coordinated a water molecule
in a position just above the tungstate ion. It is likely that
D258 in PAP serves to polarize the water molecule and
facilitates its nucleophilic attack on the phosphohistidine
intermediate. Importantly, the structure of the rat PAP-
vanadate complex was determined at pH 5.4, close to the
enzyme’s optimum, and the structure of theE. coli phytase-
tungstate complex was determined at pH 6.6. The position
of the D258 side chain is thus not dependent on pH (or
reaction state), and the structure of the PAP‚Pi complex is
very likely similar at more acidic pH values (Figure 6).
Studies onE. coli acid phosphatase in which D304 (D258
in PAP) was mutated to an alanine or glutamic acid showed
that these modifications lead to a greatly reducedVmax

without markedly changingKm (20). Additionally, these
experiments showed that in the D304A (D258 in PAP)
mutant the formation of the phosphohistidine intermediate
becomes the rate-limiting step and that the activity of the
mutant was highly dependent on the pKa of the leaving
alcohol. Thus, it was concluded that this residue plays a
critical role in the protonation of the alcohol leaving group.
These data are in agreement with previous studies of ratPAP

FIGURE 6: Superposition of the rat PAP-vanadate complex (green,
pH 5.4) and theE. coli phytase-tungstenate complex (blue, pH
6.6) on the human PAP‚Pi complex (standard atomic colors, pH
10.0). The positions of the active site residues between these two
complexes are highly similar. Vanadate is covalently bound to H12,
while the phosphate and tungstate ion are not. The orientation of
the putative general acid catalyst, D258 (D258 in rat PAP and D403
in phytase), is nearly identical in all three structures.

Scheme 2a

a As the phosphate ester enters the active site, Asp258 facilitates the migration of the phosphate proton from an equatorial oxygen to the axial
oxygen atom of the phosphate moiety, creating a dianion which is coordinated by four cationic residues (Arg11, Arg15, Arg79, and His257) which
serve to depolarize the substrate. Nucleophilic attack of His12 results in a phosphoramidite intermediate releasing the corresponding alcohol. The
rate-limiting step is the breakdown of this intermediate through the addition of a nucleophilic water molecule, most likely activated by Asp258, to
the phosphohistidine via an SN2 mechanism. The resultant noncovalent binary enzyme-inorganic phosphate complex may then dissociate, readying
the enzyme for the next substrate.
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which also showed a reducedVmax and a decreasedKm for
the D258A mutant (36). The decreasedKm in the alanine
mutants, which cannot form a hydrogen bond, indicates that
there is no hydrogen bonding between a substrate molecule
and D258 in the Michaelis complex and that D258 plays a
role in the later stages of the reaction.

The PAP mechanism is summarized in Scheme 2.
A superposition of the structures of the vanadate and

phosphate complexes (Figure 6), the covalent and noncova-
lent intermediates in the catalytic mechanism, also offers an
interesting glimpse at enzyme dynamics during catalysis. It
is apparent that it is the oxoanion (or the substrate molecule),
not the imidazole of H12, that moves relative to the protein
frame during the formation of a covalent bond between the
nitrogen and phosphorus atoms. At first, this appears to be
counterintuitive because this movement requires adjustment
of all interactions between the substrate and the enzyme.
However, this is apparently favorable, requiring very little
if any adjustment of the protein main chain during this step
as evidenced by the high level of similarity of the covalent
and noncovalent complexes.

BABPA is a potent PAP inhibitor (IC50 ) 4 nM) as it
combines phosphate binding with favorable hydrophobic
interactions within the active site. Although the specificity
of this inhibitor has not been tested on other phosphatases,
it is thought that phosphate-derived inhibitors would not
exhibit high specificity, considering that vanadates and
molybdates are general phosphatase inhibitors and other
aromatic derivatives of phosphonic acid inhibit nonhomolo-
gous tyrosine phosphatases (38). The structure of this
complex does, however, reveal key information for the
improvement of PAP specific inhibitors such as tartrate-based
derivatives. Future inhibitors will need to take advantage of
the hydrophobic pocket created by residues I18, F171, W174,
and S175 and would ideally contain a means of interacting
with D129 through hydrogen bonding. Improved inhibitors
should interact with Y123 and take advantage of the channel
linking the active site with the trough located near the dimer
interface. Perhaps a simple PEG-ylation of the benzyl moiety
would accomplish this task. The specific inhibitors of PAP
should be effective tools in the search for the physiological
substrate of PAP and may find applications in cancer
diagnostics or therapy. The structure of the PAP‚BABPA
complex is a stepping stone toward the design of such
inhibitors.
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