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This microreview describes the structure, properties and
mechanisms of the purple acid phosphatases (PAP). The
enzyme is isolated from mammalian, plant and bacterial
sources. X-ray structural information is now available for the
enzyme from pig (uteroferrin), rat and kidney beans.
Features of the mechanism are the concerted action of a
labile M" centre (Fe" or Zn") alongside a more inert Fe'l, The
latter is effective as a conjugate-base FeOH?*, which initiates

hydrolysis at the M"-bound phosphate ester by a process
involving OH~ replacement of OR™ at the PV. Histidine
residues near to the active site help bind the phosphate and
are involved in the release of OR™. Effects of replacement of
the Fe' by Mn", Co!, Ni!, Cu" and Zn", and of Fe™ by
Ga'!, Al'! and In'! have been studied. The mechanistic role of
the Zn"Zn" combination in alkaline phosphatases, and other
related dinuclear centres is also considered.

Introduction

Proteins having dinuclear iron centres are a well character-
ised category with wide-ranging biological functions.[!3!
They include ribonucleotide reductase, ™ methane
monooxygenase, 71 as well as the O,-transport/storage
protein hemerythrin,®! and A® desaturase.l” In addition the
mammalian Fe''Fe'! active site in purple acid phosphatase
(PAP) is able to catalyse the hydrolysis of phosphate esters
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written here as (RO)PO;H™ (Equation 1) where R is an
organic group.l! =310-13I

(RO)PO;H + H,0 — H,PO; + ROH 1)

However, such phosphatase action is not restricted to di-
nuclear Fe centres, with plant phosphatases using the di-
nuclear Zn"Fe!"' combination.'"* Also alkaline phospha-
tases have Zn'"Zn!" active centres, and zinc has a prominent
role in both phosphatase and phosphoryl-transfer reac-
tions.[l Interestingly in the case of many zinc enzymes, X-
ray structures of reactant, intermediate and product states
have provided a lead in determining the mechanism. How-
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| Motif A Motif B
10 VAVGDWGGVPN 26 ILSLGDNFYFTG 28 VLAGNHDHLG 84 VAGHYPVW 26 YLCGHDHNLQ
9 VAVGDWGGVPN 26 VXSXGDNFYFSX 28 XXAGNHDHXG 74 VAGHYPVW 26 YXCGHDHNXQ
10 VAVGDWGGVPN 26 ILSLGDNFYFTG 28 VLAGNHDHLG 84 VAGHYPVW 26 YLCGHDHNLQ
131 GLIGDLGQSFD 17 VLFVGDLSYADR 26 WTAGNHEIEF 76 VLMHSPLY 28 VFAGHVHAYE
164 AVLNDMGYTNA 17 AWHGGDLSYADD 78 VLPGNHEASC 147 VMSHRPMY 26 YLSGHIHWYE

Figure 1. Sequence alignment of the purple acid phosphatases: Uteroferrin (Uf), beef spleen, human, kidney bean (Phaseolus vulgaris),

and Aspergillus ficuum; conserved residues are indicated in bold and amino acids coordinating the dinuclear metal site are indicated by

ever, the intense colour stemming from the Fe component

of mammalian and plant PAP’s has made possible kinetic/
mechanistic studies using UV/Vis spectrophotometry.['5~ 18]
Such studies are a major contribution to this review.

Function

Purple acid phosphates are nonspecific phosphomonoes-
terases which can be isolated from mammalian,!'®=2%
plant,?4~271 and microbial sources.?§1?1 They are dis-
tinguished from other acid phosphatases by their purple
colours. Mammalian PAP’s are highly conserved dinuclear
metal-containing enzymes produced by the osteoclasts i.e.
cells that reabsorb bone. The mammalian enzymes are dis-
tinguished from lysosomal and prostatic acid phosphatases
by their resistance to inhibition by L(+)tartrate, and hence
are known as tartrate-resistant acid phosphatases
(TRAP's).[397321 In the osteoclast the enzyme is believed to
be involved in dephosphorylation of phosphoproteins in the
bone matrix, namely osteopontin and bone sialoprotein. [33
There have also been reports of low molecular weight phos-
phatase activity and removal of tyrosine-linked phosphates
from the epidermal growth-factor receptor.l3¥ A role for
PAP in the spleen involving degradation of aged red blood
cells has also been proposed.*3 The degradation process
may correlate to the generation of O,-related free-radicals
from redox changes at the Fe!! centre.[¢ It has also been
suggested that in Alzheimer patients there is a reduction in
phosphatase activity in the brain due to a decrease in pro-
tein levels. In the case of plant PAP’s a physiological func-
tion appears to be the liberation of phosphate from organ-
ophosphates, which is important following phosphate star-
vation.B7]

Physical Properties of PAP

Purple acid phosphatases require acidic conditions for
optimum activity and are characterised by an intense purple
colour. The latter is brought about by a tyrosine phenolate
to iron(I1I) ligand to metal charge-transfer (LMCT) pro-
cess, which is observed for both the Fe'"Fe'! and FelFe!l
states.’8 4!l The PAP enzymes most extensively studied are
those from the porcine uterus (known as uteroferrin, Uf, or
pig PAP), bovine spleen (BSPAP), and from kidney beans
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(KBPAP). Complete amino acid sequences for a number of
mammalian PAP’s are available (Uf,"*?! bovine spleen,
human,® rat,® and mouse PAP.[*l) These have a di-
nuclear Fe''Fe!'! active site (M, = 38 kDa) and greater than
80% sequence homology. The plant PAP’s have less homo-
logy with only 60% identical residues for the enzymes from
kidney bean (Phaseolus vulgaris) and Arabidopis thali-
ana, and in the former the active site is known to be the
Zn""Fe" combination. 4]

Mammalian, plant, and bacterial sequences have revealed
five regions of sequence homology which have been further
grouped into two signature motifs (A and B)™7! (Figure 1).
Thus despite differences in overall amino acid sequences, as
well as molecular mass and subunit arrangement, the en-
zymes have structurally similar active site regions. The
mammalian PAP active sites in Uf and BSPAP are spectro-
scopically well characterised. The dinuclear iron site can ex-
ist in two oxidation states, Fe"Fe' (pink) and Fe''Fe!!
(purple). Of these only the Fe'"Fe™' combination peak at
515nm (¢ = 4450m 'em™'), has significant phosphatase
activity.[*81491 The Fe!'Fe!! state generated by dithionite
(0.5 mm) reduction (30 min) has no long term stability, and
has not been studied in a similar way. Loss of Fe!l occurs,
and after 30 min only 40% recovery of the higher oxidation
states is possible.!!”l The purple Fe'"Fe™ form is EPR silent
and gives a characteristic UV/Vis peak at 550 nm (¢ =
4300M~ 'cm™!). Recently magnetic susceptibility measure-
ments on protein in the Fe'Fe! states have indicated ex-
change coupling constants, J values between —35 and
—15cm~! for KBPAP and BSPAP in both states,°? with
the main contribution to antiferromagnetic coupling from
the p-hydroxo bridge.[’1121 Analysis of iron K-edge EX-
AFS data has suggested that a p-hydroxo or alkoxy group
may be present.[>3] Recent CD/MCD studies on this redox
state provide confirmation of antiferromagnetic coupling
and suggest a p-hydroxo group.®* The EPR spectrum of
the Fe'"Fe'! enzyme, with g values at 1.94, 1.76 and 1.56
is consistent with coupling between the high-spin Fe' and
Felll jons,[50-55.56]

In addition to the bridging hydroxo group the existence
of a coordinated aqua/hydroxo group to each Fe has been
demonstrated by ESEEM (electron spin echo envelope
modulation),”1 ENDOR (electron nuclear double reson-
ance),”® and is consistent with electrochemical studies. >’
Furthermore the remaining endogenous ligands have been
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identified by a variety of spectroscopic methods. The in-
tense purple/pink absorbance at 500—600 nm is assigned to
a tyrosine phenolate to Fe!'' charge-transfer band.[®0~¢3l
The presence of the tyrosine accounts for the retention of
one Fe in the +3 state. The Fe"'Fe'/Fe''Fel reduction
potential (E®) is 367mV vs. NHE, whereas that required for
the further reduction of Fe'"Fe'l is negative.’®! Tyrosine is
also a ligand in transferrin, active-site coordination
[Fe(Tyr),(His)(Asp)(CO5)], where E° for the Fe"/Fe!' cou-
ple is —520mV,4 a measure of the difficulty of bringing
about the reduction of a tyrosine-coordinated Fe'l. Ad-
ditional evidence from Resonance Raman and 'H NMR
spectroscopy confirms that a tyrosine is bound to the Fe'!
in PAP.%0~63] Coordination of imidazole and of carboxylate
groups have been confirmed by 'H NMR spec-
troscopy.[611162] Pulse EPR [%] and Mossbauerl>!-66-671 studies
have also been carried out. A demonstration that both Fe
atoms are six coordinate comes from CD/MCD investi-
gations,®* and all information obtained is consistent with
the active site structure indicated in Figure 2. It should be
noted however that the '"H NMR studies provide no evi-
dence for a second His coordinated to the Fe'. Fast ex-
change of the Ne proton with bulk solvent is a possible
explanation of effects observed. Studies on plant KBPAP
have also been carried out.*® Acid dissociation pK,'s for
KBPAP determined by UV/Vis absorption spectrophoto-
metry of 4.8 and 9.5 have been assigned to H,O ligands to
the Fe'"' and Zn"! respectively.l''! For BSPAP the first pK,
is also at 4.8,[%] whereas for Uf a smaller value of 3.8 is

found. 16
0]

N § H s N
His = \F.II FNIII \/!\HIS
/ ~ /
{ S o
H,N H,0 o HO
Asp

Figure 2. Structure of the Fe!'Fe!'l active sites of mammalian pur-
ple acid phosphatases

X-ray Structures

X-ray crystal structures of the 111 kDa homodimeric
Zn"'Fe!'! KBPAP enzyme (resolution 2.65A), the same pro-
tein with p-phosphate coordinated (2.7A), and the product
with p-tungstate(VI) inhibitor coordinated (3.01&) have been
reported.!'!] More recently the structures of p-phosphato
derivatives of two mammalian PAP’s from Uf (1.55A),1681
and from rat (2.7A),1 both believed to be in the Fe'"Fe!!
state, have been determined. The mammalian PAP enzymes
are monomeric glycoproteins of = 38 kDa, whereas the two
monomer units of KBPAP are connected by a disulfide
bridge. Sequence homologies between the monomer unit of
the homodimeric KBPAP and mammalian PAP’s have been
investigated.*”] With the N-terminal domain of KBPAP re-
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moved the two enzymes can be aligned. The C-terminal do-
main incorporates two sandwich Bafof motifs. All the li-
gands to the dimetal site are found within these two motifs.

The high resolution Uf structure confirms octahedral co-
ordination at both metals.[%8! The Fe''—Fe!! separation is
3.31A and the phosphate bridges the two metals in a sym-
metrical manner. Strong electron density is observed con-
sistent with the presence of a p-hydroxo group, and there is
no evidence for phosphate displacing this group. The two
metals are also bridged in a monodentate manner by one
of the aspartate residues, and there is confirmation that the
tyrosine phenolate O-atom is bound to the Fe. The spacial
arrangement of the metal ligands are very similar to those
in KBPAP, and the a-carbon atoms of all seven coordinated
amino acid residues superimpose. The active site is readily
accessed from the surrounding solvent. The protein fold of
Uf resembles that of KBPAP and some serine/threonine
proton phosphatases, despite the <15% homologies.

The KBPAP structure has a Zn"Fe!™l active site,['!! and
unlike the FeFe'" Uf and rat structures, is the only one
for which the dimetal site is in the active form. The Zn'!
ligated to the Ne atom of His-286, the N§ atom of His-323
and the carbonyl oxygen of Asn-201 (Figure 3). The Fe'!
is ligated to the Ne atom of His-325, to Tyr-167 and the
carboxylate of Asp-135. The Zn—Fe separation is 3.26A.
Three exogenous H,O/OH ™ ligands were modelled into the
active site. These are a terminal hydroxo ligand to the Fe!ll,
a terminal H,O to the Zn", and a p-hydroxo bridge be-
tween the two metals. From sequence homologies and spec-
troscopic studies a high degree of conformity with the
mammalian active site is indicated (Figures 2 and 3). The
similarity of the dimetallic ligation with those of the serine/
threonine protein phosphatases, calcineurin (PP2B) and
PPI is noted.[70~ 73l

HiS323 H Q

Hi5286\ 5 /O\ /HIS325
Asn
2ol /I \ /l O0—Tyry67
w0 o HO
Asp164

Figure 3. Structure of the Zn'"Fe'"! active site of kidney bean purple
acid phosphatase (KBPAP) from X-ray crystallography!!l

In addition three histidine (His 202, 295 and 296) are
located near to the dimetallic centre of KBPAP (Figure 4),
and are in positions where they can interact with phos-
phate.!'] Tt has been proposed that the His-296 protonates
the leaving alcohol group. The counterparts of these resi-
dues are His-92, Glu-194 and His-195 in the mammalian
PAP’s.I816°T In the two mammalian structures the His-92
and His-195 residues are hydrogen-bonded to the phos-
phate. %8 The side chain of Glu-194 is not in close contact
with the phosphate, and appears to have no similar role to
that of His-295 in KBPAP. The conservation of two of the
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histidines (His-202 and 296), and their superposition in the
different structures, suggests a mechanistic role.

His-295

His-296

Open access

1o active site

His-202

&

Figure 4. Structure of KBPAP illustrating the close proximity of
residues His-202, -295 and -296 to the dinuclear metal active site

Structures of Other Phosphatases

The PAP’s are members of a much larger family of phos-
phatases recently reviewed.!'! Two other categories, the al-
kaline phosphatases (AP),[!1774 and the serine/theonine pro-
tein phosphatases (PP),[7°~ 73] are mentioned here. The alka-
line phosphatases are colourless and have a linear arrange-
ment of two Zn'' atoms 4.1A apart, and a Mg!! at 4.8A.
The structure of the native enzyme with phosphate bound
(2.0/0\ resolution) has provided most information. The
phosphate substrate bridges Znl and Zn2, which have no
other bridging ligands, whereas Asp-51 bridges bidentately
Zn2 to Mg3 (the third metal atom) (Figure 5).

Gluy,,
;<ASP327 Asps,
. H,0 0
9 Hisyo o 2 \ 7 °
Hisgin 7 O ,, 7 g
HIS412/Zn\ / \ \ Thrlss
0 Ser Asp
N 102 369
o
(6]

Figure 5. Structure of the Zn""Zn"Mg'" active site of alkaline pho-
sphatase with phosphate bound!!!

The Znl centre is pentacoordinated by bidentate Asp-
327, His-331, His-412 and the O-atom of the phosphate
group. The Zn2 is tetrahedral and coordinated by Asp-51,
Asp-369, His-370 and phosphate. The Mg3 is ooctahedral
with all O-donors, Asp-51, Thr-135, Glu-322 and three
H,O'’s. The remaining two O-atoms of the phosphate are
tightly held by hydrogen-bonds with the guanidinium group
of Arg-166. A particular feature of the mechanism is the
incorporation of (RO)PO;>~ into a serine phosphate-ester
intermediate (Figure 6) which has been identified by X-ray
crystallography.t!

Coordination of the Ser-102 O-atom to the Zn2 facili-
tates deprotonation of the side chain, and the serinate nu-
cleophile attacks the phosphate and replaces the OR~™
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Figure 6. Schematic illustration of the conversion of (RO)PO;H™

(A) into a serine phosphate ester intermediate (C) by alkaline pho-
sphatase

group. The intermediate so formed reacts further with H,O
to give the hydrolysed product. AP appears unique amongst
these enzymes in reacting by a two-stage mechanism. The
Mg3 ion appears to have a minor role only.

PP proteins are activated by several metal ions, and prob-
ably contain the Fe—Zn combination in the native form.
The X-ray crystal structure of the phosphate bound rabbit
muscle PP (PP-1) has been determined to 2.1A resolu-
tion,”?! and the dinuclear metal site superimposes well with
KBPAP, particularly with respect to the bridging ligands.
The metals are both five-coordinate and are 3.3A apart.
They are bridged by an oxygen of Asp-92 and a water (very
likely hydroxide). One metal has a distorted trigonal-bipyr-
amidal geometry and additional coordination to Ne of His-
173, No of His-248 and the carbonyl oxygen of Asn-124.
The other metal ion has a square-pyramidal geometry and
additional coordination to Ne of His-66, Asp-64 and an-
other solvent molecule (Figure 7). A notable difference is
the substitution of a solvent H,O for the tyrosine in PAP,
and no purple colour is therefore observed.

o Aspgy
Hisys 0
1’115173\MII O :IH/OHz
Asnyy / ~ / \H1566
HN o
Aspg)

Figure 7. Structure of the active site of rabbit muscle protein
phosphatase (PP-1)[72
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Activity of PAP

With the further elucidation of PAP active-site structures
it is possible to consider in more detail the mechanism by
which these proteins hydrolyse phosphate esters in acidic
conditions. Such mechanistic studies have featured promi-
nently in work carried out at Newcastle, with particular em-
phasis on kinetic analysis of UV/Vis spectrophotometric
changes for the interaction of oxyanions with the en-
zyme. [161118] Activity measurements are carried out by moni-
toring UV/Vis changes for the release of nitrophenol from
p-nitrophenol phosphate, or a-naphthol from a-naphthyl
phosphate. The initial slope of a plot of a-naphthol released
against time gives the activity in nmol-min~'. In previous
studies unit enzyme activity was defined as the amount of
enzyme catalysing the hydrolysis of 1 pumol of a-naphthyl
phosphate per min. Following observations that the activity
of BSPAP exhibits a bell-shaped pH dependence, Witzel
and colleagues™® proposed that two single proton equilib-
ria were involved. One of these for the upward part of the
bell-shape curve gives a pK, of 4.8 and is catalytic, and the
second for the downward part gives a pK, of 6.9 which
inhibits reaction. The lower pK, is also observed in EPR
and UV/Vis studies,*® and has been attributed to depro-
tonation of the solvent H,O coordinated to the Fe'. Based
on evidence that no nucleophilic residue on the enzyme ap-
pears to be involved in the catalytic reaction, and that no
covalent bound intermediate is formed as in the case of the
phosphotransferases, it has been concluded that a hydroxo
ligand bound to the Fe''" induces the ester hydrolysis reac-
tion.[16118] Results obtained from the reaction of labelled
adenosine 5'-triphosphate (ATP) with Fe''Fe''' PAP have
demonstrated that there is transfer of phosphate to an H,O
position on the PAP with overall inversion at the phos-
phate. !

Reaction of Phosphate (H,PO,~) With Uf PAP

Although reactions of the Fel'Fe!! protein with a num-
ber of oxyanions had been studied quite exten-
sively,[19->1:54.61.65.76.77] there has until recently been no clear
understanding of the precise function of the Fe!' and Fe!'!
combination. At 25°C acid dissociation pK, values for
H;PO, are 2.1 for the formation of H,PO,~, and 6.7—7.0
for the formation of HPO,?>~. On addition of excess of
phosphate (H,PO, ") to Fe'Fe!! rapid stopped-flow forma-
tion of a phosphato product is observed. Spectrophoto-
metric changes gave a shift in UV/Vis peaks from 515 nm
for Fe'"Fe'! to 535—560 nm (pH dependent) for the phos-
phato product. Surprisingly first-order rate constants kg,
obtained by monitoring absorbance changes at 620 nm
indicate that the reaction is independent of [H,PO,4 ] in the
range 10—50 mm (Figure 8).['%1 The reactions with phenyl
phosphate, pyrophosphate, tripolyphosphate and ATP (ad-
enosine 5'-triphosphate), referred to collectively as POy, in
which ester hydrolysis occurs, are also independent of
[PO,).I1% Significantly, with (MeO);PO no absorbance
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changes are observed indicating the need for two strongly
nucleophilic oxo groups (and/or hydrophilic groups) for at-
tachment to the Fe'' chromophore to occur. The latter does
however inhibit the reaction of H,PO,~, suggesting that an
interaction of (MeQ);PO with Fe!! is occurring.

3
a | ]
O ol .
2 L
>4 o Le) o ~
o . T
-iij a 4 ful
e [n] O =2
1F * * L 4
0 L I
0 20 40 60
3 7
10° PO}/ M

Figure 8. The phosphate concentration independence of first-order
rate constants kops (25°) for the reaction of Fe'Fe!'' Uf with diffe-
rent phosphates: H,PO,~ (O), phenyl phosphate ((J), pyropho-
sphate (H), trigolyphosphate (A) and ATP (®) at pH 4.6, I =
0.01m (NaClel

The mechanism proposed in the case of H,PO,~ involves
binding first to the Fe', in a relatively rapid process which
does not contribute appreciably to changes in visible ab-
sorbance. Bridging to the strongly chromophoric Fe™! then
occurs. Such a mechanism is consistent with general proper-
ties of high-spin Fe'' and Fe' ions, the hexaaqua ions of
which have water-exchange rate constants close to 10!,
and 103—10%~!, respectively.[”®171 Accordingly the reac-
tion sequence can be expressed as in Equation (2).

K.
PO, + ML . Fe'l = M" Fell
| [ ¢))

H,O OH PO, OH

followed by bridging to the strongly chromophoric Fe™™,

Q).

M. Fe = M. Fe!

| k v ®)
PO, OH PO,

Assuming (2) to be relatively rapid, mass balance can be
used to give (4)

ke K [PO4]
Kobs = + kpy (4)

Ky [POs] + 1

However the first term on the right-hand side suggests
that a [PO,4] dependence should be observed. Only if ky is
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dominant, or K[PO4] >> 1 is this equation consistent with
the observed [PO,4] independence. There is no evidence for
ky, being dominant, and the second possibility is therefore
considered. Determination of the overall stability constant
K by titration of Uf PAP with H,PO,~ at pH 4.9 (40 mm
acetate) gives a value of 165M ',3% in agreement with an
earlier value of 151M~ ! in 100 mm acetate buffer.® No de-
pendence of thermodynamic and kinetic parameters on
acetate in the range 25—55 mm, has been observed.!'>! The
overall K can be written as K; k¢ky, or K1K, on replacing
kiky, with K. For the 10—50 mm range of [PO,] studied no
dependence on [PO,4] is observed, and it is concluded that
K [PO4] >> 1, or alternatively K [POy] is say > 5, which
gives K; > 500 M~ '. Since K has been determined as
165M~ !, K, for the intramolecular step (3) is <0.32. It
should be noted that K and K, have different units, and
that K; may benefit from association at the His residues
previously indicated, e.g. Figure 8.

It is not clear how the HPO,>~ bridge dissociates. There
are two possibilities to consider: (a) by cleavage of the
Fe'"-PO, bond, or (b) cleavage of Fe'"—PQ,. If the first
of these applies then dissociation follows a different route
to formation. Two of the residues His-202, His-295 and His-
296 found in KBPAP are conserved as His-92 and His-195
in mammalian forms, and may help bind the H,PO,™ in
(2). The mechanism of ester hydrolysis is considered below
after sections on the reactions with other oxyanions and
redox studies.

Reactions With Other Oxyanions

Further insight into the mechanism of oxyanion binding
has been provided by studies on the binding of arsenate(V),
molybdate(VI) and tungstate(VI) to Fel'Fe!'' Uf.['8! Both
phosphate and arsenate function as weak competitive in-
hibitors for phosphate ester hydrolysis by acting as bridging
ligands between the two metal centres.['®19-33-80-83] Thege
oxoanions lower the protein reduction potential and in-
crease the susceptibility of the active site to air oxi-
dation.P®1% Conversely, tungstate(VI) and molybdate(VI)
are reported to be strong noncompetitive inhibitors which
increase the reduction potential and stabilise the active
site.'8375%1 Tt has been suggested that the latter two
oxoanions bind in a different manner to the phosphate and
arsenate(V), producing a change in the active site EPR
spectrum from rhombic to axial, and a change in the UV/
Vis spectrum (molybdate). A low resolution structure is
available for tungstate(VI) bound to KBPAP.I'!l Recent
CD/MCD studies on protein having bound phosphate or
molybdate have led to the proposal that bound phosphate,
unlike molybdate, interacts with the active site p-OH bridge
thus increasing the bond strength between the n-OH bridge
and the Fe!, and producing a more rhombic Fe centre.[’4
EXAFS results have also been reported on Zn"Fe™ Uf.[77]
A number of anomalies remain, and further work is re-
quired in this area.

As far as the kinetics of the reactions of Fe''Fe' Uf with
oxyanions XO, (molybdate, tungstate and vanadate) are

2110

concerned, rate laws independent of [XO,] are similar to
those obtained with H,PO,~ phosphate.['8!

Redox Studies on Uf PAP

Two inorganic reagents, [Fe(CN)¢]?~ (E° = 410mV) and
[Co(phen);]*" (E° = 370mV) have been used as oxidants
(25°C) for Fe''Fe'! Uf PAP, at pH 5.0, I = 0.10m (NaCl),
overall Equations (5) and (6).[!7]

Fe"Fe + [Co(phen);]”* — Fe"Fe™ + [Co(phen)s]** )

Fe'"Fe + [Fe(CN)e]> — Fe"Fe™ + [Fe(CN)s]* ©6)

With [Co(phen);]** as oxidant first-order dependencies
on both reactants are observed, giving second-order rate
constants k¢, of 1.26M s~ !. In contrast the reaction with
[Fe(CN)¢]>~ gives saturation kinetics (Figure 9). This be-
haviour can be explained by the reaction sequences (7)
and (8).

0.8
0.6
2 04
- )
o) P/ i) //
,/
’,/ 1000 2000 30
/ F@,’ 7' /M
0.0 r T :
0 10 20 30 40
10* [Fe(CN),"1/M

Figure 9. Saturation kinetic behaviour of first-order rate constants
kows (25°C) for the reaction of Fe''Fe!'! Uf with [Fe(CN)¢]*~ at pH
5.0, I = 0.10m (NaCl). The inset shows the reciprocal plot(!”]

KFe

Fe''Fe™ + [Fe(CN)s*™ = Fe''Fe".. . [Fe(CN)sl> )
Kre

Fe'Fe"...[Fe(CN)s] - Fe"Fe" + [Fe(CN)s]" ®

The part played in phosphate ester hydrolysis by the posi-
tive patch of His-202, His-295 and His-296 near to the ac-
tive of KBPAP (Figure 4) has been discussed.!''l Two of
these histidines, His-92 and His-195, are conserved in Uf.
Association of [Fe(CN)g]*~ at this site (7), prior to electron
transfer (8) is proposed therefore. For such a sequence (9)
is derived,

kre Kre [Fe(CN)s™]

Kops =~ ©)
1 + K. [Fe(CN)s™]

and a graph of 1/kps against 1/[Fe(CN)4*7] is linear. The
slope and intercept give Kp, and kg, values of 540m~! and
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1.00s™! respectively. Moreover competitive inhibition of the
[Fe(CN)g]*~ oxidation by nonredox active [Cr(CN)¢]*~ and
[Mo(CN)g]*~ is also observed with association constants as
defined in (7) of K¢, = 550m ! and Ky, = 1580m . To-
gether these studies provide support for an electrostatically
controlled interaction. The magnitude of the association
constants suggests an effective local protein charge as high
as +4,®4 which could arise from two HisH" groups along
with some contribution from the active site charge. We note
that although the positively charged region on PAP favours
anionic reagents, substrates which are cationic also retain
an appreciable reactivity. Thus the reaction of Fe''Fe!'! Uf
PAP with the positively charged reductant [Ru(NHj)s-
H,OP** (E° = 67mV) (10),

FeFe™ + [Ru(NH,)sH:01** — Fel'Fe'l + [Ru(NH3)sH,OI** (10)

gives a second-order rate constant kg, of 2.2 X 10°M s~ 1.
The magnitude of the rate constants k¢, and kg, suggest a
dependence on thermodynamic driving force.

Effects of pH on PAP Reactivity

Rate constants for the reactions of H,PO,~ and phos-
phate esters (RO)PO;H~ with Fe'"Fe" Uf are dependent
on pH in the range 2.6—6.5 (Figure 10).[1¢]

8

Figure 10. Variation of first-order rate constants ks (25°C) with
pH for the reaction of Fe'"Fe!'' Uf with H,PO,~ (@), Fhenyl phos-
phate ((J), and pyrophosphate (H), / = 0.10m (NaCl)!'¢l

Contributions to pH effects can stem from acid-base ef-
fects involving aqua ligands, nearby protein amino acids,
and/or free and monodentate phosphate species. In the re-
action of H,PO,™ rate constants k, provide evidence for
a Uf pK,, of 3.9, which is assigned to acid dissociation at
the Fe!'.[l There is some evidence (the inflection at pH =~
5) for a second process pK,,. In all other cases (phenyl
phosphate, pyrophosphate, tripolyphosphate and ATP) two
pK, values (pK;, and pK>,) are clearly apparent, and rate
constants k;, k, and k3 can be defined for the reactions
of different protonated/deprotonated forms of the adduct
formed in the first step of Scheme 1.

From the mechanism proposed the rate law (11) can be de-
rived.

(ks-ky) KKz, + (koky) Kia[H']

kobs =ki  + (11

[HT +Kia[H'] + K1 Kaa

From fits to (11) values of K;,, K., k1, k» and k5 are ob-
tained (Table 1). The pK;, values determined are in the
range 3.4—3.9 (average 3.8), and are attributed to depro-
tonation of the Fe'" bound H,O. The same pK, is obtained
from the effects of pH on the UV/Vis absorbance of Uf. As
a guide the first acid dissociation constant of [Fe(H,0)¢]**
is 3.0, whereas [Fe(H,O)]>* remains in the aqua form until
>7.181 The second deprotonation effect (pK»,) suggests that
acid dissociation at the phosphate group attached to the
Fe!l is contributing (Figure 10). As is to be expected shifts
are observed in pK,, values, as compared to literature val-
ues for the free phosphate reactant (which are 0.4—0.7 pH
units higher), as a result of complexing to Fe! and changes
in the immediate environment. In the case of H,PO,~ this
would require that the pK, of 6.7—7.0 is shifted to 5.1 on
attachment to Fe''. For a full treatment the further effect
of deprotonation of nearby His residues also needs to be
considered.

The effects of pH on activity have been studied to higher
pH’s with a-naphthyl phosphate, as illustrated in Figure 11.
Maximum activity for Uf is observed at pH 4.9 whereas in
the case of KBPAP and BSPAP a shift to the range pH =
5.9 is observed. Earlier studies on Uf with p-nitrophenyl
phosphate have also indicated maximum activity at pH

Fe"...Fe™ Fe'l...Fell
| | + H,PO, — |
H,0 H,0 H;PO, H,O
ky
Kla
Fe"...Fe' ks Fe"...Fe™

H,PO,4

| —m8M —— Y
OH HPO,

<l

11
Fe'...Fe

HPO,

Scheme 1
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Table 1. Summary of data obtained for the reactions (25°C) of
H,PO,~, phenylphosphate, pyrophosphate with active Fe!'Fe'!
PAP (Uf) at pH 2.6—6.5, I = 0.10m (NaCl)1¢

H,PO,~ Phenylphosphate ~ Pyrophosphate
pK; [ 39 3.4 3.8
PKo, 5.1 5.0 5.4
K, 5.3
Kl 6.9 5.6 6.0
ky/s™! 7.1 8.4 4.7
kofs™! 1.8 1.0 2.3
ksls™! 0.4 <0.1 0.1

[a] Recomputed using Microcal Origin 5 fitting program. — [®l Data
for Zn"Fe!'! Uf. — [l Range of pK, values for H,PO,~ 6.7—7.0.

4.9.1861 As yet no explanation for this different behaviour of
Uf as compared to BS and KBPAP has been forthcoming,
although as already noted the pK,’s assigned to Fe'"—H,O
acid dissociation are smaller (3.9) for Uf than for BSPAP
and KBPAP (4.9).

The acid dissociation process pK;, giving the conjugate-
base Fe'"'-OH slows down the substitution of H,PO,~ at
the Fe'!', but has a quite different effect on ester hydrolysis.

1000

Activity

500+

4 6 8

pH
Figure 11. Variation of PAP phosphatase activity with pH, (a) for
Ut (O) with 10 mm a-naphthyl phosphate (25°C) using 40 mum buf-

fer; 16189 and (b) for BSPAP (@), 50 mm p-nitrophenyl phosphate
(22°C), using 100 mm buffer(19]

Phosphate Ester Hydrolysis

From the above considerations it is likely that the
Fe"'-OH conjugate-base induces phosphate ester hydroly-
sis. The suggestion that the p-OH bridge might alternatively
be involved,®7] seems less likely because of its less favour-
able nucleophilic properties. The Fe™-OH involvement is
supported by the KBPAP catalysis of %0 exchange between
phosphate and solvent.[®8 Rate constants kg, for p-phos-
phato formation are maximum at pH 3 when Fe'"—H,O0 is
present exclusively. Under these conditions bridge closure
can occur with displacement of the H,O, but little or no
phosphate ester hydrolysis is observed (Scheme 2). At

2112

higher pH formation and participation of Fe™—OH be-
comes more extensive, and k., decreases as the OH™ is
more difficult to substitute than H,O. However the
Fe'"-OH participates in ester hydrolysis by substitution
into the PV coordination sphere of (RO)PO;H~, with dis-
placement of RO~ (Scheme 3). The activity plots as in Fig-
ure 11 now become relevant. The increase in activity of Uf
at the lower pH's is due to increased amounts of Fe'"—OH,
which maximises at pH 4.9. The decrease in activity at the
higher pH's may relate to deprotonation of the positive
patch histidines, making the binding of phosphate less effec-
tive.

Fell,, .Felll Fell,..Felll
JoL A B
/O\ —_>' N\ /O
p HH P,
INA- N
RO O O RO O
Scheme 2
Fell,,.Fell Fell,..Fell
_l > L
9 4/é)\ < O\ /O
/P H P.
I - 7N\
RO O o OH
Scheme 3

The mechanism that emerges for PAP is thus one of re-
peated bridge formation and cleavage with ester hydrolysis
taking place on a subsequent if not the first cycle. The reac-
tion sequence has a number of features in common with the
intramolecular phosphate hydrolysis occurring in the case
of [Co(en),(H>O0){PO5;(OCcH4NO,)}]" (en = ethylenedia-
mine), and involving the conjugate-base [Co(en),-
(OH){PO; (OCH,NO,}].[5

Metal Substituted PAP Derivatives

In order to clarify the role of individual metals as compo-
nents of the dinuclear active site, the reactivity of metal sub-
stituted PAP’s has been studied. Work by Zerner and col-
leagues has shown that the Fe' of active BSPAP is labile
and amenable to substitution by various divalent metals (in-
cluding Co", Cu'l, Zn", Cd"™ and Hg'!).[41.76:83.90.91] The
procedure used involves the reaction of PAP with dithionite
for = 5 minutes to remove the labile Fe'', followed by re-
constitution using an excess of the M salt. The effect of
substitution of the Fe™ in Uf by Mn'!, Co", Ni"!, Cu'f and
Zn" on UV/Vis spectra and kinetic properties has been
studied. In some cases (Figure 12) substantial catalytic ac-
tivity is retained by the MFe''! product.

The Zn'" substituted form of Uf is of particular interest
because it resembles the KBPAP active site (Figure 13). Pre-
vious studies have shown that the properties of the Zn"Fe!!
form of the BSPAP enzyme are similar to those of
KBPAP.449-831 In a similar manner the Zn'! of KBPAP can
be substituted by Fe!! to form a catalytically active Fel'Fe!',
Again the properties of the Fe''Fe' form of the KBPAP
are similar to those of native Fe'"Fe!! PAP forms, °2%3 and
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Figure 12. The variation of M"Fe!! Uf phosphatase activity (25°C)
with pH (40 mm buffer) using a-naphthlyl phosphate 10 mm), with
M in turn Fe!' (O), Zn'! (A), and Mn'!' (@)

61 C\\ 1120

\
5]

+
- |
=
k)
(>
I=)

k (Fe“Feme) /s’
k, (Zn"Fe"Uf) /"

s
N
N
T
N
S

pH

Figure 13 Variation of first-order rate constants ks (25°C) with
pH for the reaction of H,PO,~, with Fe'"Fe!"" Uf (J) and Zn""Fe!
Uf (@), I = 0.10m (NaCl)

vice versa for Zn"Fe Uf, although the reaction with
H,PO,™ is some 35 times more rapid than with Fe'Fe!!
Uf at pH 4.9.1'81 The Mn"Fe"! product is also of interest
because Mn has been suggested as a component of sweet
potato and soya bean PAP’s.[32:33-947961 We note however
that evidence for an Fe'"Fe''l active site in sweet potatoes
has also been reported.”) It is unlikely that the active site
contains Mn""Mn'" (as seems to be suggested), since Mn—
Tyr charge transfer bands are not expected to give the
same characteristic purple/pink colour as for Fe!™ PAP’s.
An appreciable blue-shift of = 35 nm in phenolate to metal
LMCT bands is for example observed for the Mn'! substi-
tuted transferrin (a lactoferrin form) as compared to the
Fe! form. 8

From details of UV/Vis spectra (Table 2) it can be seen
that the replacement of Fe!! with other divalent metals pro-
duces small but significant changes in peak positions (A)
and absorption coefficients (¢), where the products are dif-
ferent shades of purple. The greatest change in the peak
position (L) is for CuFe™! Uf, and may indicate a different

Eur. J. Inorg. Chem. 1999, 2105—-2115

coordination of the Cu', which is known to have an affinity
for N-donor ligands. The coupling of Fe' to the
Felll[45:30.511 appears to enhance € values as compared to
those for other M ions. The metal content and spectro-
scopic characterisation of PAP from sweet potato Ipomea
batatas PAP has recently been carried out and establishes
this as another example of a plant Zn""Fe™! protein.P]

Table 2. UV/Vis peak Positions (1) and absorption coefficients (&)
for M!! substituted M"Fe!'' PAP, (Uf) (25°C), in sodium acetate
buffer pH 4.9, I = 0.10M (NaCl)[8

M Amax/DmM e/M em™!
Fell 510 4450121
Mn!! 514 3350

Coll 518 3370

Nil! 510 3260

Cul! 545 3400

Zn" 525 3580

Until recently metal substitution of M™ only was pos-
sible. In recent studies however the Fe''! centre has been
replaced by Ga'' to produce Fe''"Ga' BSPAP and Zn!
Ga'l BSPAP.[1% Both forms exhibit catalytic activity simi-
lar to that of the native Fe!"Fe!™ BSPAP, providing evidence
that diamagnetic Ga™" is acting as a functional analogue of
Fe!, Not surprisingly the gallium containing enzymes are
colourless having lost the purple colour due to the tyrosine
to Fe!!! charge-transfer band. This work also provides kine-
tic data on the effect of substituting Fe!' with Zn'". Thus
the Zn""Fe''' BSPAP displays a 2—3 fold increase in Ky
(the Michaelis constant), and nearly a twofold increase in
ke relative to Fe'Fe'™ BSPAP. The replacement of Fe!!
and Fe™! of BSPAP to give Zn"AI'"! and Zn"In™! has also
been carried out.['°! There is as yet no explanation as to
why the Zn™n™ form should be inactive.

Conclusions

The naturally occurring dinuclear Fe"Fe!'" and Zn"Fe™
active sites of mammalian and plant purple acid phospha-
tases respectively make use of the M!! and Fe"! metal com-
bination in a very subtle way to bring about phosphate ester
hydrolysis. X-ray crystallographic studies on the enzyme
from three different sources provides evidence for a single
aqua or hydroxo ligand on each metal. The M ions are
more labile, whereas Fe'™ more readily forms conjugate-
base (Fe'"—OH). The key roles are therefore binding of the
phosphate ester to M, and the nucleophilic action of the
OH ™ of the Fe'"in bringing about phosphate ester hydroly-
sis. The Fe™Fe™ form of PAP has no similar enzymic ac-
tion even though it does bind phosphate more strongly. The
single tyrosine ligand serves to stabilise the Fe!!! state and
prevent its reduction. It also gives the enzyme its attractive
colour. Other synthetic metal combinations can bring about
phosphatase action although not always with the same ef-
ficiency. An essential part of the catalytic cycle is the release
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of the p-phosphate product after hydrolysis, a process which
requires further investigation
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