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Mechanism of the Reaction of Different Phosphates with
the Iron(n)iron(mn) form of Purple Acid Phosphatase from
Porcine Uteri (Uteroferrin)t

Manuel A. S. Aquino, Joo-Sang Lim and A. Geoffrey Sykes”
Department of Chemistry. The University of Newcastle, Newcastle upon Tyne NET1 7RU, UK

Reactions of different phosphates (represented here as PO,), including H,PO,” (as prototype).
phenyiphosphate (and the p-nitro derivative), pyrophosphate, tripolyphosphate. and adenosine
5'-triphosphate (ATP), with the Fe"Fe" form of purple acid phosphatase (PAP,) from porcine uteri
(uteroferrin) have been studied by monitoring absorbance changes for the iron(i1) chromophore at 620
nm. Stopped-flow rate constants are independent of total [PO,] (10-50 mM), and decrease with
increasing pH (2.5-6.5). At the lower pH a mechanism of rapid PO, binding to the Fe", followed by
rate-controlling [PO,]-independent bridging to the Fe" with displacement of a co-ordinated H,0, is
proposed. Further information comes from experiments on the hydrolysis activity of PAP, monitored
by the release of «-naphthol (323 nm) from «-naphthyl phosphate, which maximises at pH 4.9. The
full mechanism requires participation of Fe"-OH, which substitutes into the phosphate moiety thus
bringing about hydrolysis. The concentration of the latter peaks at pH 4.9, and possible reasons for
the decrease in activity at pH >4.9 are given. Rate constants at maximum activity are of magnitude
~0.5 s only, with no very strong discrimination between the reagents used. Equilibration steps in
which the phosphate can if necessary be recycled to bring about hydrolysis are proposed. For the pH
range studied the final product has a bridging HPO2~ ligand. Trimethyl phosphate with only one oxo
group does not appear to react at the Fe", but inhibits reaction with H,PO,” possibly by co-
ordinating to the Fe". Reaction with the sterically bulky cation [Co(NH,),(HPO,)]1* is much slower,
k=16 x 10* s. The HPO, " -bridged Fe"Fe" form is more responsive to air oxidation to Fe"Fe"
consistent with the decrease in reduction potential from 367 and 183 mV. Rate constants are

independent of [H,PO,”] and pH.

The purple acid phosphatases (PAPs) are iron-containing
glycoproteins which can be isolated from animal and plant
species. The most widely studied PAPs are those obtained from
mammalian sources, for example the allantoic fluids of the uteri
of a pregnant pig (uteroferrin), and from bovine spleens.'”
Both these proteins, M, ~35000, have a single polypeptide
chain (318 amino acids),® and a binuclear iron site. The active
form of the protein is in the Fe"Fe™ state, which catalyses the
hydrolysis of phosphate esters, equation (1). Whether this is

O,P(OR)?™ + H,0 —» HPO,>~ + ROH (1)

their exclusive role remains to be established, since there is
evidence that PAP can for example transfer its Fe to
transferrin.” The presence of relatively large amounts of the
protein in the uterus also suggests that there may be some
alternative role.

There is a 909, sequence homology between uteroferrin
and beef-spleen PAP,%® and Méssbauer,®!® EPR#!! and
resonance-Raman !2-!3 studies have indicated similarities in the
active sites of the two proteins. Plant PAPs of higher M, having
different metal components, kidney bean (Fe/Zn),!* and sweet
potatoes (2Fe or 2Mn),':1¢ have also been reported. A crystal
structure is in progress from the Fe/Zn kidney bean protein.!’

The mammalian Fe"Fe' protein (PAP,) has a characteristic
pink colour with a peak at 515nm (¢ = 4000 M~' cm™'), and the
inactive Fe""Fe™ form (PAP,) a purple colour with peak at 550
nm (g = 4000 M™! cm™).*#1? The absorption arises in large
part from the tyrosine—Fe"" ligand-to-metal charge
transfer (I.m.c.t.) at the (normally) redox-inactive iron(rmr)
centre.*2° The UV/VIS spectrum is therefore sensitive to co-

t Non-SI unit employed: M = mol dm™.

ordination at the Fe™ and not the Fe". In addition the co-
ordination of one histidine to each Fe, and likelihood of
carboxylate co-ordination by Asp or Glu has been suggested
from extended X-ray absorption fine structure (EXAFS),*!
NMR 22725 apnd EPR studies.?®?” Magnetic susceptibility
measurements*!3-28:2% have indicated —J <40 and <150
cm! for the Fe™Fe™ form consistent with antiferromagnetic
coupling. Upon reduction to Fe"Fe™ the —J values drop to
between 5 and 11 cm™. Recent analysis of iron K-edge EXAFS
data 3° for the Fe™Fe™ protein suggest a p-hydroxo or alkoxy
bridge supported by a p-carboxylato group, rather than a p-oxo
bridge, in agreement with —J values of <40 cm™. The same
paper provides evidence for a p-hydroxo (or possibly p-alkoxo)
structure for the Fe"Fe™ protein. The diiron site has similarities
to that in ribonucleotide reductase and methane monooxygen-
ase.3® There are two aspects of the structure which require
emphasis in the context of the present studies. First the
existence of co-ordinated H,O groups to each Fe has been
demonstrated by ESEEM,*! and electrochemical studies *? on
PAP,. Secondly the Fe-Fe and Fe-P distances determined from
EXAFS on PAP,PO, are consistent with a bridging phos-
phate.3° The most recently proposed structures ° for PAP, and
PAP,.PO, are as indicated in Fig. 1, see also ref. 1. Although
not precise these give a strong indication as to the nature
of the binuclear iron site from studies using physical techniques.

Also relevant are the recent results obtained from the
reaction of labelled adenosine 5'-triphosphate (ATP) with
PAP,, which in a very elegant way have distinguished between
three possible mechanisms. This work has demonstrated that
there is transfer of phosphate to an H,O position on the PAP
with overall inversion at the phosphate.??

Reactions of other oxy-anions with the active Fe"Fe"' form of
the protein have been reported.'®23-2¢ A number of oxy-anions
have been shown to inhibit the hydrolysis of phosphate-
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Fig. 1 Recently proposed structures of the diiron sites in active
Fe''Fe™ PAP,, and in the Fe™Fe™ adduct PAP_-PO,, from ref. 30 [OR
represents an hydroxo (or alkoxo)bridge]
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Fig. 2 Visible spectra of (a) a 30 uM solution of the Fe'Fe™ form of
PAP (uteroferrin), (b) with the addition of 8 mM H,PO, ™~ and (c) the
phosphate-bound Fe™Fe™ PAP, product obtained on air oxidation, all
atpH 4.9, 7 = 0.100 M (NaCl)

containing substrates. For example, arsenate as well as
phosphate can act as a weak inhibitor (K; = 2-15 mM) and
molybdate and tungstate as stronger inhibitors (K; = 2 and 1
UM respectively) in the hydrolysis of p-nitrophenyl phosphate.3’
An essential part of the reaction steps proposed is the
replacement of H,O ligands, one to each metal.3*

The addition of H,PO, "~ to the Fe'Fe"! protein (PAP,) leads
to rapid formation of a phosphato product, which has a very
broad EPR signal.'® Kinetic studies on this reaction reported in
an earlier communication *® have now been extended to include
consideration of phenyl phosphate and its p-nitro derivative,
pyrophosphate (P,0,*"), tripolyphosphate (P,0,,°>"), ATP,
a-naphthyl phosphate, trimethyl phosphate and [Co(NHj;);-
(HPO,)}**, all of which undergo hydrolysis. As a result a
mechanism for the reaction of these and related esters with
PAP, is proposed.

The abbreviation PO, is used to denote the different
phosphate derivatives.

Experimental

Isolation of PAP (Uteroferrin).—Uteroferrin was obtained
from the allantoic fluid of a sow at mid-pregnancy, and purified
according to a literature procedure.!® The product isolated
consists of about equal amounts of active and inactive PAP,
and PAP,, the latter with phosphate bound. The PAP, protein
was reduced to the Fe"Fe' state with 0.1 M ascorbate and
6 mM ammonium iron(i) sulfate in 0.05 M acetate buffer at
pH 5.0. This was followed by desalting on a Sephadex G25
column and buffer exchange using an Amicon filter with PM10
membrane. Yields of protein were 400-600 mg. As required the
absorbance ratio A,g0/A5, s for pure PAP,, gave a value of less
than 15:1. The purified protein was dialysed against 40 mM
acetate buffer, pH 4.9, and concentrated using an Amicon filter.
The concentration of PAP, was determined from the
absorbance peak at 515 nm using a molar absorption coefficient
of 4000 M! cm™!, Fig. 2.3° The protein could be stored
indefinitely at —80 °C under air. A small amount (~25 mg) of a
high M, heterodimer was also obtained.
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Other Reagents.—The following reagents were used as
supplied: potassium dihydrogen(ortho)phosphate, KH,PO,
(BDH, AnalaR); disodium phenyl phosphate, Na,CsH PO+
2H,0 (Aldrich); tetrasodium pyrophosphate (diphosphate),
Na,P,0,:10H,0 (BDH, AnalaR); pentasodium tripolyphos-
phate, NasP,0,,6H,0 (Sigma); disodium adenosine 5'-
triphosphate, ATP; trimethyl phosphate, OP(OMe), (both
Aldrich); and disodium «-naphthyl phosphate, Na,C,,H,-
PO,H,O (Sigma) and p-nitrophenylphosphate (Aldrich).
Stock solutions of the various phosphates were made up with
appropriate buffer. The complex [Co(NH,)s(PO,)]-2H,0 was
prepared by an established procedure, and characterised by the
UV/VIS spectrum of [Co(NH;)s(HPO,)]* at pH 5, A/nm
(/M cm™) 359 (61.6) and 521 (77.8).4°

Buffers.—Different buffers (40 mM) were used for the pH
range investigated as follows: glycine-HCI, pH 2.5-3.2; acetate—
acetic acid, pH 3.2-5.6; 2-morpholinoethanesulfonic acid
(mes)-NaOH, pH 5.8-6.5; and [bis(2-hydroxyethyl)amino]-
tristhydroxymethyl)methane (bis-tris)/HCl, pH 5.8-7.2, all
from Sigma. All buffers were prepared using water which had
been singly distilled and then deionised. Buffer solutions were
prepared with the addition of 0.10 mM ethylenediaminetetra-
acetate to complex any adventitious Fe.

Reaction Products.—From the spectroscopic and chemical
properties of the final (stopped-flow) products as determined in
this and other work it can be concluded that the phosphate is co-
ordinated as p-HPO,2~ for the pH range explored here. As a
part of the mechanism proposed in this study, hydrolysis of the
different phosphates to give the p-HPO,2~ product does not
always occur on the first bridge closure, and re-equilibration
involving recycling of the unhydrolysed phosphate reactant is
necessary.

Kinetic Studies—Studies on the reactions of different
phosphates with PAP, do not require air-free conditions. Ionic
strengths were adjusted to 0.100 * 0.001 M with sodium
chloride, and the temperature was 25.0 * 0.1 °C. The pH of
solutions was checked before and after each run. Spectro-
photometric changes for H,PO,~ complexing gave a shift from
515 nm for PAP, to 535-560 nm for the PAP,.PO, form (which
is pH dependent). Slower absorbance changes to a 550 nm peak
occur subsequently, consistent with air oxidation to the
PAP_PO, form, Fig. 2. The kinetics of the formation of
PAP,.PO, was monitored at 620 nm (absorbance increase), or
in a number of check runs at 480 nm (absorbance decrease),
using a Dionex D-110 stopped-flow spectrophotometer. Protein
concentrations were in the range (1.5-3.0) x 10~ M with the
different phosphate substrates in >40-fold excess. The
amplitude of the absorbance changes depends on the phosphate
concentration and the reactions are therefore equilibration
processes. Absorbance against time changes were satisfactorily
fitted by a uniphasic first-order process, rate constants K,
using an OLIS software package.*! The fits were equally
satisfactory with e.g. H,PO, ™ and ATP, where in the latter case
recycling to bring about complete hydrolysis may be required
(see later). Absorbance changes are often small restricting the
range of possible studies.

The slower phosphate-induced air oxidation of PAP, was
monitored by conventional spectrophotometry (Shimadzu
UV2101-PC). Prior to mixing the protein was dialysed against
air-saturated buffer, and air-saturated phosphate was then
added. The oxidation was monitored at 600-625 nm. The
formation constant X for phosphate binding to PAP, has been
determined previously from inhibition studies, and values
ranging from 83 to 313 M are apparent at pH ~5.'83°
Concentrations of H,PO,~ =9 mM were required to maintain
a sufficiently high PAP,-PQ, level. First-order rate constants &,
were obtained by fitting of absorbance against time data using a
non-linear least-squares program.
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Procedure for Measuring PAP, Activity—Phosphatase
activity at 25°C was measured by treating «-naphthyl
phosphate (10 mM) with PAP, (0.023 pM) and recording the
absorbance increase due to a-naphthol release at the 323 nm
peak (¢ = 2040 M™! cm!). The initial slope of a plot of
a-naphthol released against time gave the activity in nmol
min '. Runs were carried out at pH 3.2-6.5 using acetate and
bis-tris buffers, 7 = 0.100 M(NaCl). In previous work unit
enzyme activity was defined as the amount of enzyme catalysing
the hy;:l4rolysis of 1 pmol of «-naphthyl phosphate per min at
20°C.

Results

Rate Law Dependencies on [PO,].—At pH 4.6 first-order rate
constants k., were found to be independent of [PO,] for
H,PO, ", phenyl phosphate, pyrophosphate, tripolyphosphate
and ATP. No reaction was observed with trimethyl phosphate.
Amounts of [PO,] were varied over the range 1050 mM, Fig.
3. The independence of k,,, on [PO,] was also confirmed at pH
5.3. At pH 4.6 values of k,, for the different phosphates vary
from 1.2 to 2.3 s™!. Rate constants in the case of phosphate and
phenyl phosphate were shown to be independent of acetate
buffer (25-55 mM). Reactions at pH 4.6 with [PO,] <5 mM
could not be monitored satisfactorily due to small absorbance
changes for the overall process (2). In the case of H,PO,~ (5

PAP, + PO, —— PAP-PO, )

mM), with K = 83 M~!at pH 5.0,!8 only ~30%, of the protein is
present as PAP,-PO,. Similar observations apply for the other
phosphate derivatives. As a result spectrophotometric changes
are more difficult to monitor. At [PO,] >60 mM protein
denaturation is observed.

pH Dependence.—First-order rate constants k,,,,, Table 1, for
the binding of H,PO,~, phenyl phosphate, pyrophosphate,
tripolyphosphate, and ATP are dependent on pH in the range

ar
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Fig. 3 The invariance of first-order rate constants k., (25°C) on
phosphate concentration for the reaction of the active Fe"Fe'™ form of
PAP, (uteroferrin) with different phosphates H,PO,~ (m), phenyl
phosphate {+), pyrophosphate (), tripolyphosphate (@) and ATP
(a)atpH 4.6, = 0.100 M (NaCl)
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2.6-6.5, Figs. 4 and 5. Possible effects of [H* ] are from free and
monodentate phosphate forms as well as the aqua ligands and
protein amino-acid residues. In the case of H,PO,~ only a
single pK, is observed, Fig. 4. In all other cases, Figs. 4 and 5,
two pK, values (pK,, and pK,,) are noted, and rate constants
k,, k, and k; can be defined for the reactions of different
protonated/deprotonated forms. The reaction mechanism is
illustrated in Scheme 1 for H,PO, ™, although for this particular

Table 1 The variation of rate constants (25 °C) with pH for the
reactions of different phosphates with active Fe"Fe'! PAP (uteroferrin),
I =10.100 M (NaCl)

(@) H,PO,~

pH 273 301 348 370 401 4.16 432 4.61 4.8l
kos/s' 68 64 53 47 36 283 226 170 124
pH 502 530 558 6.00 6.50

kows/st 124 091 056 0.50 042

(b) Phenyl phosphate

pH 261 298 323 351 371 398 430 4.64
ko s' 72 63 54 39 30 208 151 1.09
pH 478 497 512 525 545 568 593 626
kos/st 089 0.80 077 0.65 040 032 021 0.16

(¢) Pyrophosphate

pH 3.15 330 360 3.70 385 397 420 4.60
kyo/st 38 37 34 32 268 253 230 220
pH 502 530 543 5.54 6.01

koys/s™ 214 172 1.08 0.76 0.67

(d) Tripolyphosphate

pH 300 3.15 330 3.55 378 387 4.1 446

kg /st 2.69 265 2.55 246 208 170 161 1.50
pH 479 491 512 541 602 642
kafs' 145 124 079 0.52 041 035

(e) ATP

pH 3.03 337 3.65 378 4.04 425 455 511
koas/st 3.5 32 257 175 155 132 1.02 096
pH 5.65 5.92

kops/s™t 085 0.84

8t
6__
Tw
-
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Fig. 4 Variation of first-order rate constants k. (25 °C) with pH for
the reaction of the active Fe"Fe' form PAP, (uteroferrin), with H,PO, ~
(W) and phenyl phosphate (+), I = 0.100 M (NaCl)
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Table2 Summary of data obtained for the reactions (25 °C) of H,PO, , phenyl phosphate, pyrophosphate, tripolyphosphate and ATP with active

Fe"Fe' PAP (uteroferrin) at pH 2.6-6.5, I = 0.10 M (NaCl)

H,PO," Phenylphosphate Pyrophosphate Tripolyphosphate ATP
pK.: =39 ~3.4 ~3.6 ~3.7 ~3.7
K., — 5.2(2) 5.34) 5.0(2) ~4.2
kst 7.1(1) 8.4(2) 4.7(4) 3.1(2) ~3.8
kyfs™! — 1.0(3) 2.34) 1.5(2) ~1.5
ky/s! 0.38(6) <0.1(1) 0.1(6) 0.2(1) ~0.8
5t F ll___F 111 )} PP )} §
-1+ HPOS ForFe
H,0 H,0 H,PO, H,0
K
A
4} n___e 0
Ky Fe Fe
HPO.
ko N
Fell-- -l
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i H,PO, OH
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2 ke
2 - Ka2
Fell-- -pell
1k HPO, OH
C
Scheme 1 Mechanism for the reaction of Fe''Fe'! PAP, (uteroferrin)
with phosphate (H,PO,”) defining rate constants (k) and acid
0 : : : : dissociation constants (K,). Step k; is not detected for this particular
3 4 5 6 reactant at pH < 6.5 but is observed in reactions with other phosphates,
pH see Table 3

Fig. 5 Variation of first-order rate constants k_, (25 °C) with pH for
the reaction of active Fe'"Fe'! PAP, (uteroferrin) with pyrophosphate
(), tripolyphosphate (@) and ATP (4), / = 0.100 M (NaCl)

reactant and the conditions of pH employed pK,, (and k) do
not in fact contribute. From Scheme 1 the rate equation (3),
can be derived by first of all equating the rate expressions
(k3 - kl)KlaKZa + (k2 - kl)Kla[H+]
[H)* + K, [H'] + KoK>,

koo = ky + (©))

obs

kows([A] + [B] + [C]) and k,[A] + k,[B] +k,[C]. Substi-
tuting in for [A] and [B] using expressions for K, and K, gives
equation (4) which can be rearranged to give (3). From fits to (3),
values of K,,, K., ky, k, and k; are obtained, Table 2.
From a comparison of pK, values, Table 2, with those

WL I

KlaK2a K2a
k[H*]* k,[H*
[HP klH @
KlaKZa K2a

for the unco-ordinated phosphates, Table 3, it is possible to
assign these to monodentate phosphate derivatives.*® Also
since k., arises from an equilibration process it can be
expressed as the sum of forward and back rate constants, in the
general case as k; + k.

Absorbance changes for the reaction of p-nitrophenyl
phosphate (10.5 mM) with PAP, (1.42 x 107> M) at 620 nm
give rate constants 5.6, 4.5 and 2.4 s™! at pH 3.18, 3.54 and 3.89
respectively, which are very similar to those obtained for
phenyl phosphate. It was not possible to measure rate constants
for the corresponding «-naphthyl phosphate reaction because at

the concentrations required for such studies precipitation of -
naphthol occurs.

Determination of Formation Constants.—The overall form-
ation constant K, equation (2), can be expressed as in (5), where

1 K L1
(AO - Aobs) [PO4][A0 - Aoo) (AO - Aoo)

)

A, and A, are the absorbances of PAP, and PAP,-PO,
respectively, and A4, is the experimental value for a particular
[PO,]. Plots of (4, — A,,,)"" against [PO,]™! are shown in Fig.
6 for H,PO,~ (pH 5.0) which gives K = 112 £ 7 M, and for
ATP (pH4.6) K =28 + 7M™,

Monitoring of Activity.—In the case of x-naphthyl phosphate
it was possible to monitor the release of the z-naphthol product
from absorbance changes at 323 nm. Fig. 7 is the resultant
activity plot.

Inhibition Studies.—No absorbance changes are observed on
addition of trimethylphosphate (55 mM) to PAP, (1.9 x 10°°
M). However the reaction of H,PO,” (11 mM) with PAP,
(1.9 x 10°® M) is inhibited by addition of OP(OMe), (55 mM),
and no stopped-flow absorbance changes were observed at pH
5.0. This suggests attachment of OP(OMe); to the Fe" with
resultant inhibition of the H,PO, " reaction.

Reaction of [Co(NH,)s(HPO,)]* with PAP,.—Whether
PAP, can similarly hydrolyse a co-ordinated cationic
phosphato complex was of further interest. At pH 5.0 no
absorbance changes were observed over 3 h for a solution of
[Co(NH,)s(HPO,)]* (1.7 x 10* M) with PAP, (1.3 x 10®
M). At higher concentrations, [Co(NH;)s(HPOy)]*
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Table 3 Summary of literature acid dissociation pK, values (25 °C) for H,PO,, phenylphosphate, pyrophosphate, tripolyphosphate and ATP,

I = 0.100 M or as stated

H,;PO,° Phenylphosphate®
K, 2.12 0.30
pK, 6.7 5.63
PK, 12.7 —
pK, - —
pKs - —

a At 25°C, I = 0.10 M (NaClO,).*2 * At 25°C, I = 0.25 M (NaClO,).4* ¢

¢ At25°C, I = 0.10 M (KC1).4?

Pyrophosphate® Tripolyphosphate ATP*
2.5 Small

2.7 22

6.0 2.6

83 5.6 4.26
— 7.9 6.73

At25°C, I = 0.10 M (NaNO,).** 1 At 25°C, I = 0.10 M (NaNO,).*¢

200+
N
<
‘€ A,
100~
o 1 1
0 100 200
PO M

Fig. 6 Determination of the formation equilibrium constant (25 °C)
for the reaction of PAP, (uteroferrin) with H,PO,~ (B, pH 5.0) and
ATP (A, pH 4.6), I = 0.100 M (NaCl)

300+
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Fig. 7 Reaction of «-naphthyl phosphate with active Fe"Fe'™ PAP,
(uteroferrin) at different pH (25 °C) monitored by z-naphthol formation
at 323 nm, I = 0.100 M (NaCl). The product release indicated is an
initial slope. Buffers: 40 mM acetate (A) and bis-tris (@)

(1.0 x 10* M) and PAP, (2.5 x 103 M), absorbance changes
over 17 h gave a rate constant 1.6 x 10 s™! in a strictly
uniphasic process. Even at 60 °C aquation of the parent

complex with release of phosphate is an order of magnitude
slower than the reaction observed here.*® The absorbance peak
shifts from 521 to 526 nm consistent with phosphate
complexing, and isosbestic points were observed at 424 and
531 nm.

Phosphate-induced Oxidation of PAP, by O,.—The adduct
PAP_-PO, shows an increased sensitivity to air oxidation as
compared to PAP,, to give the catalytically inactive PAP,-PO,
product, Fig. 2. First-order kinetics observed for the formation
of PAP_PO, parallel the rate of loss of activity.'® Rate
constants listed in Table 4 give an average value of 6.5(2) x 1073
s™!. Under anaerobic conditions no absorbance changes are
observed over 6 h. The change in absorbance (AA4) at the
wavelength monitored (usually 620 nm) is dependent on the
concentration of H,PO,~, and for a given time interval was
approximately twice as large with 100 as with 10 mM
phosphate. Protein PAP, without bound phosphate requires
more than a week to convert into PAP,. Reactions carried out
with pyrophosphate and tripolyphosphate at 15 and 23 mM
respectively gave similar first-order rate constants of 6.5 x 1073
and 7.2 x 107* s! for the formation of PAP,PO,. As will be
reported elsewhere, [Cr(CN)¢]*~ inhibits the oxidation of
PAP, by [Fe(CN)¢]* ~. Here [Cr(CN)¢]*~ (2.1 mM) was found
to have no effect on the oxidation of PAP, (0.025 mM) by O, in
the presence of H,PO,~ (64 mM).

Reactivity of High M, PAP.—At pH 5.0 no absorbance
changes were observed at 508 nm for the reaction of H,PO,~
(29-125 mM) with the high M, heterodimer (4.0 x 10> M), in
agreement with studies of Baumbach et al.*” at pH 4.9 and 8.2.
At lower pH the dimer slowly dissociates.*” It was also noted
that the dimer is much less susceptible to oxidation than is
normal PAP,.

Discussion

Although reactions of PAP, with oxy-anions are well
documented there has so far been no clear understanding of the
mechanism of reaction, and the precise function of the Fe and
Fe' combination. While as yet no crystal structure is available,
some general features of the active-site structure, Fig. 1, have
been established from an extensive use of physical techniques.
In the present work we have explored the reaction of in all nine
different phosphates with PAP,. Rate constants k., in five cases
studied, Fig. 3, were found to be independent of [PO,] over the
range 10-50 mM. The reactions with H,PO,~ and phenyl
phosphate were shown to be independent of acetate buffer
(25-55 mM), and there is no evidence for extensive acetate
complexing to either of the iron atoms. Significantly, in the case
of OP(OMe);, no absorbance changes were observed over
reaction times much in excess of those used for the other
phosphates, indicating the contrasting behaviour of P=0 and
P-O7, and the need for two strongly nucleophilic oxo groups
(and/or more hydrophilic groups) for attachment to the iron(i)
chromophore to occur. The inhibiting effect which OP(OMe),
has on the reaction with H,PO, ~ strongly suggests competitive
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Table 4 The air oxidation (25°C) of the PAP,-PO, (uteroferrin)
product to PAP_-PO, at pH 5.0 (except as stated), / = 0.100 M (NaCl)

[H,PO,"]/mM 9.0 170 170 240 45 89
10%k,,,/s! 6.8 7.1 6.6° 68 7.0 6.7
[H,PO, ]/mM 89 103 119
105k,./s | 6.5° 6.9 6.5

Pyrophosphate at 15 mM gave k., = 6.5(2) x 10°s7!,
Tripolyphosphate at 23 mM gave k,, = 7.2(3) x 1075571,

“pH 3.5.* pH 6.0.

binding to an active region on the enzyme which might of
course be the Fe". While association of substrate with the
enzyme prior to attachment to an Fe may be important, and
have to be included in a complete mechanism, we have no
evidence as yet for its inclusion. On the other hand participation
of Fe" is required since on completion p-PO, is present, and we
proceed therefore on the assumption that Fe' at least is
involved in the early stages of reaction.

The various observations made provide support for phos-
phate binding first to the Fe" in a relatively rapid process
which does not contribute appreciably to the visible absorbance
spectrum. Bridging to the strongly chromophoric Fe then
occurs in a [PO,]-independent step. The amplitude of the
absorbance changes is dependent on [PO,], and the overall
reaction (6) takes place therefore in two stages (7) and (8). In

Fe'Fell! + PO, —— Fe!'_PO,—Fe'! (6)
Fe'Fe'l + PO, == PO,~Fe"Fe!" 0

PO,—FellFe' ——’-*4_:__ Fe'-

y

o Fe'l ®

these equations PO,-Fe'Fe and Fe"-PO,-Fe™ are the
monodentate Fe"-co-ordinated phosphato and the bridging
phosphato forms respectively. Rate constants k for the
bridge-closure equilibration process can be expressed as in
equation (9). The fraction of protein present as PO,~Fe-Fe!"

kobs = ky + k—y (9)

is retained at a constant level by the fast equilibration (7). While
we have determined the overall K we have no information
regarding K, for (7), except that the interpretation requires
K,[PO,] > 1. Either K, is bigger than expected therefore
(assistance from an amino acid?), or a further elaboration of the
mechanism is required.

Rate constants &, are dependent on pH, Figs. 4 and 5. The
mechanism of the reaction with H,PO, ™ is considered first. The
pK, values of H,PO, (2.12) and H,PO,~ (6.7) are consistent
with H,PO, ™ as the dominant reactant species in the present
studies. The decrease in k,,, with pH, Fig. 4, gives a pK, of 3.9
(not particularly well defined at the lower pH) suggesting
involvement of an iron(ir)-bound H,0. For comparison the
first acid dissociation constant for [Fe(H,0)¢]** is 3.0,
whereas [Fe(H,0)¢]?>* remains in the aqua form until pH
>7.*% The behaviour observed therefore is consistent with
participation of aqua and hydroxo (conjugate-base) forms of
the Fe'™. At between pH 3 and 4 other acid dissociation
processes on the enzyme may contribute again suggesting that
this pK, should be regarded as very approximate.

A common feature of biological reactions involving substrate
to metal binding is the ability of the metal to change its co-
ordination number rather than be involved in a more lengthy
ligand-substitution process, e.g. zinc(ir) enzymes,*® and O,-
binding proteins such as haemerythrin.>® In the present case
the Fe'' may well be five-co-ordinate as in the case of the
binuclear iron(i1) protein deoxyhaemerythrin.3® Although there
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are unusual examples of Fe™ adopting seven-co-ordinate
structures,*® the iron(im) situation requires more extensive
discussion (see next paragraph). Alternatively a bridge-cleavage
process or change involving chelated to monodentate carb-
oxylate at the Fe'™ (as observed in the reduction of the binuclear
iron enzyme ribonucleotide reductase’!) would be ways of
providing a co-ordination vacancy. If substitution is involved
then the properties of Fe" and Fe™ are indicated in a very
general way by reference to the aqua ions. Thus it is known that
high-spin [Fe(H,0)4]?* has a water-exchange rate constant of
ca. 10° s which is 102-10® times greater than the value for
high-spin [Fe(H,0)¢]%*.5%'5* Whichever mechanism is rele-
vant, rapid binding of phosphate to the Fe" is a perfectly
reasonable first stage. This is followed by the slower bridge-
forming attachment of the phosphate to the Fe™ in a [PO,]-
independent step. Phosphate bridge closure has been studied
previously in the reaction of the binuclear cobalt(ir) complex
[(NH;),Co(p-NH,)(u-OH)Co(NH3),]**  with H,PO,”,%*
which is a somewhat different process since both the Co™ atoms
are chromophoric and have identical substitution properties.

In studies on the reaction of PAP, with «-naphthyl phosphate
it is possible to follow the release of a-naphthol which has a
prominent peak at 323 nm, as a means of monitoring the
phosphate (hydrolysis) activity, Fig. 7. Determination of k
was not possible as with other reactants because of the limited
solubility of the «-naphthol. Maximum activity is observed at
pH 4.9. Similarly with p-nitrophenyl phosphate maximum
activity has been observed at 4.9.3® This corresponds to the pH
at which the first acid dissociation giving Fe'™-OH could well
peak. We note that in the case of p-nitrophenyl phosphate the
ko values (from absorbance changes at 620 nm) decrease with
increasing pH (3.18 to 3.89), and are numerically very similar to
those for phenyl phosphate, Fig. 4.

From these observations it can be concluded that Fe"™-OH,
or a related conjugate-base form, induces phosphate hydrolysis.
Rate constant k., are however at a maximum at pH ~3 when
Fe™-H,0 is present, Figs. 4 and 5. Therefore bridge closure
making use of a co-ordination change at the Fe™, or with
displacement of the H,O, gives little or no hydrolysis, (10). At
higher pH the hydroxo ligand of Fe"-OH substitutes into the
phosphorus(v) co-ordination sphere with (in the general case)
displacement of RO~ from O,P(OR)?~, equation (11). The

Fel----pel Ui
_:e |e/ '::e 'fe
o QO - o 0 (10)
/F')\ H/ \H = \P/
// A\
RO" S o- rd Yo
'Fell_'__'l:elll Ee“----fem
ye 0 0. O
e \, = \/ (1)
ROT-I, 7\
o OH S” ou

reaction sequence proposed has a number of features in
common with the intramolecular phosphate hydrolysis
occurring in the case of [Co(en),(H,0){PO;(OC¢H,NO,)}1*
(en = ethylenediamine), and involving the conjugate-base
[Co(en),(OH){PO;(OC-cH,NO,)}].5¢

The mechanism that emerges from the present studies in one
of repeated bridge formation and cleavage, with hydrolysis
taking place on a subsequent if not the first cycle. The full
mechanism is shown in Scheme 1, with H,PO,~ as reactant.
The shapes of this and other pH profiles, Figs. 4 and 5, indicate
different degrees of acid dissociation of the phosphato iron(i)
co-ordinated intermediates and pK,, (and k;) involvement.
Table 2 summarises the data obtained. A list of literature
pK, values for the different uncomplexed phosphate species is
given in Table 3. Some shifts in pK, are observed as a result
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of complexing of the phosphate to the Fe', and corresponding
trends in rate constants are observed.** In the case of H,PO,~
it would appear that the pK, of 6.7 is not shifted sufficiently on
attachment of Fe" for this pK, to become relevant. A pK,, step
is observed with phenyl phosphate, but the effect is relatively
small, Fig. 4. With pyrophosphate and tripolyphosphate the
pK,, values are more clearly defined and in the range 5.0-5.3,
with pK, shifts of 0.3-0.5 as compared to the free phosphates.

The reaction of the [Co(NH;);(HPO,)]" complex with
PAP, is observed to be strictly uniphasic and appreciably faster
than aquation of the phosphate.*® The steric bulkiness and/or
charge on the complex appears drastically to inhibit PAP,
catalysis of the aquation/hydrolysis process.

The activity of PAP, and extent of hydrolysis occurring
decreases at pH > 4.9, Fig. 7. We have not studied this range of
pH in any detail. Contributing factors might include deproton-
ation of the substrate, acid dissociation of an H,O attached to
the Fe", or polypeptide acid dissociation process(es).

Rate constants k,,, at pH 4.6, Fig. 3, are in the range 1.03—
2.24 57!, and exhibit little change with type of phosphate
involved. Values of k,/s™' are for phosphate (7.1), phenyl
phosphate (8.4), pyrophosphate (4.7), tripolyphosphate (3.1)
and ATP (= 3.8), consistent with at most a small dependence on
size. As far as the charge on the various reactants is concerned,
these are present at e.g. pH ~3.5 as H,PO,~, (PhO)HPO; ",
H,P,0,27, H,P;0,,* and ATP (2—), and there is no obvious
dependence on the magnitude of the negative charge. As
previously mentioned the possibility that there is association/
ion pairing of the reactants to PAP, prior to attachment to the
Fe" cannot be ruled out. The protein has a p/ > 9.6, and at pH
<7 will retain a substantial positive charge.®” From known
formation constants for Fe' and Fe with phosphate, Fe™
would be expected to have at least an order of magnitude
greater affinity for phosphate than does Fe'.*®:% Initial
association with Fe'"! might be expected if the Fe™ were five-co-
ordinate as in Fig. 1. However the [PO,]-independent rate law
argues against this.

The first-order kinetic plots for &, exhibit no further
dependences which can be attributed to the need for recycling as
the reactants O;P(OR)? ™ are hydrolysed. Thus in equation (9)
the rate constant &_, appears to be invariant as the reactions
proceed. The absorbance changes are small however, Fig. 2,
and in view of the similarity of the reagents used this should not
be regarded as evidence against the mechanism proposed. Since
experimentally determined rate constants lie well within an
order of magnitude of each other, it is unlikely that k, and £ _,
vary much as the identity of the phosphate reactant changes. As
far as the possibility of a bridge-closure substitution step &, is
concerned, a dissociative Sy1 process in which Fe™-H,O bond
breaking is rate determining might be considered. However rate
constants fall far short of the water-exchange rate constant for
substitution on [Fe(H,0)¢]**, and effects from other iron(ur)
ligands and/or adjacent residues would have to be influential.
For a fuller consideration of equilibration kinetic situations,
some of which are relevant in the present case, the reader is
referred to studies on the chelation of bipyridine to
[Cr(H,0),]* "%

Previously 32 it has been reported that the reduction potential
for the PAP,~PAP, couple of 367 mV at pH 5.0 decreases to 183
mV on phosphate binding, increasing the susceptibility of the
protein to air oxidation. From present studies rate constants for
the phosphate-induced oxidation using air-saturated solutions
remain small, and are independent of [H,PO,”] (9-119 mM)
and pH (3.5-6.0). Amounts of the phosphato-bridged Fe''"Fe™
reactant are replenished in the fast equilibration prior to
oxidation by O,. As a result complete conversion into Fe'Fe'
is observed. We have no information as to the mechanism and
whether this involves an inner- or outer-sphere oxidation by O,.
Thus the reactive form of the protein has phosphate co-
ordinated to both metal centres,3® and there is no evidence for
other co-ordinated H,O groups. This is substantiated in the
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case of the Fe' by rate constants exhibiting no dependence
on pH.

The ability of zinc(i) to replace iron(n) in plant PAP and
initiate similar chemistry is of considerable interest.'* Thus
zinc(11) is known to exhibit different co-ordination numbers
from four to six, and is more labile than is Fe'.5? These
properties support such a functional role, without the added
complication of redox changes as in the case of Fe".

Finally as far as phosphate ester hydrolysis is concerned, we
note that steps involving Fe™-OH, &, and &, in Table 2, are
many orders of magnitude faster than the uncatalysed
hydrolysis,®! but on a biological time-scale are quite slow.
Whether the specificity of the protein for certain ester groups
might lead to more favourable interactions is of further interest.
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