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Hydrolysis of Peroxodiphosphate by Acid Phosphatase
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The kinetics of hydrolysis of peroxodiphosphate to peroxomonophosphate by wheatgerm acid phosphatase has been
studied in detaiL The pH-rate profile shows a rate maximum at pH 5 in acetate buffer ..A Km value of O.l6mM has been
obtained from the Lineweaver-Burk plot. The dissociation constant (KJ for the species HPzOs3 - is significantly lower
(0.0645 mM), indicating a strong preference for HPzOs 3 .. The energy of activation of this reaction is 7.0 kcal/moL Hydrolysis
is competitively inhibited by orthophosphate and peroxomonophosphate.

Our current interest in the redox chemistry of
peroxophosphates1 ~3 and preliminary findings that
the - 0 - 0 - P moiety offers a potential site for the
enzyme acid phosphatase4 (crude enzyme in bleached
white flour) prompted us to study the kinetics of
cleavage of peroxodiphosphate by purified wheatgerm
acid phosphatase in detaiL

Materials and Methods

Triply distilled water was used for preparing all the
solutions. Wheatgerm acid phosphatase (Sigma
Chemicals) was used as such. All other chemicals were
AR(BDH) reagents. pH in the range 4-7 was
maintained by acetate buffer and measured on a
Systronics digital pH meter 335. Potassium
peroxodiphosphate (K4P 20S) a gift sample from Food
Machinery Chemicals Corporation, USA was 99'10

pure and used as such.

Kinetic measurements

All the kinetic meas,Urementswere carried out at 35~
±0.1' C. The differences in the reactivity of
peroxodiphosphate and peroxomonophosphate to
wards iodide ions5•o were made use of to assay the
enzymatic activity. At pH 4-5 the liberation of iodine
by peroxomonophosphate is instantaneous; under the
same conditions, the peroxodiphosphate-iodide
reaction is negligibly slow.

In a typical kinetic experiment the enzyme solution
(0.01';0 wt/vol, Sigma acid phosphatase, wheatgerm,
0.36 units/mg, one unit hydrolyses 1.0mmol of p
nitrophenylphosphate per minute at pH 4.8 and 3TC)
in appropnate buffer was equilibrated at 35°C for at
least 20 mIn. Calculated volume of peroxodiphosphate

t Presently at the Department of Chemistry, Hope College, Holland.
MIchigan. 49423 USA.
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solution in the same buffer, preequilibrated at the
same temperature was added to initiate the hydrolysis
in a total reaction volume of loomL At regular time
intervals, aliquots (10 ml) were pipetted out and the
reaction quenched with 30 ml of chilled acetate buffer
(pH 4-5). To this we:readded 10mi of 5% KI solution
and two drops of 1% ammonium molybdate solution.
The liberated iodine was immediately titrated with
standard thiosulphate to a starch end point. The
problem of aerial oxidation of iodide did not occur at
pH 4-5.

Velocity measun~ments for the variation of pH,
temperature dependence and inhibition studies were
obtained from initial rates, following the hydrolysis for
10minutes only. Control experiments were performed
with p-nitrophenyl phosphate under identical
conditions. The enzyme activity was measured by
quantitating p-nitrophenoxide at 420 nm.

The possibility of the second stage enzymatic
cleavage of peroxomonophosphate to hydrogen
peroxide, in accordance with Eq. (1) was checked.

HO-P( =O)(OH)--O-O-H~HO-OH+ H3P04

.. (1)
For this study peroxomonophosphate was prepared

by the acid hydrolysis of peroxodiphosphate by a
standard procedun~ 7. The acid was neutralised by
adding standard NaOH solution, the pH brought to
near neutral and finally the desired pH adjusted by
adding appropriate buffer. The difference in the two
thiosulphate titres, i.e. one in the presence of
ammonium molybdateS (peroxomonophosphate and
H202 both estimated) and other in presence oftitanyl
sulphate9 (peroxomonophosphate only estimated,
H202 removed by complexation), provided the
amount of H202 accumulated during the peroxo
monophosphate hydrolysis.
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Inhibition studies

The inhibition caused by H3POS and H3PO. was
studied in the presence of added Na2HPO. and
peroxomonophosphate. In the presence of added
peroxOUlonophosphate the amount of fresh peroxo
monophosphate generated by enzymatic hydrolysis
was calculated by substracting the pre-existing
peroxomonopltosphate level.

The inhibition of the hydrolytic activity was also
studied in the presence of F -, Cu2 + and Hg2 +. In the
presence of Hg2 + an4 Cu2 .•., the iodometric method
was less satisfactory d_ to the catalytic effect of these
ions on the peroxodiplaQsphate-iodide reactionlO•11
resulting in the frequent nlllppearance of the blue
colour. Clear and reproducible titres were obtained by
the addition of 2m1 of 1% EDTA before addition of
KI.
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The Km and Vmall values of PDP at different pH
values are given in Table 1. It is relevant to point out
here that Hickey et aI have reported the Km values for
the hydrolysis by wheatgerm acid phosphatase at
pH 4.6 of a series of substrates like. glucose-6
phosphate (3.8 mM) phenyl phosphate (0.9mM), ATP
(0.05 mM), D( -)-3 phosphoglycerate (0.5 mM) in
organic pyrophosphate (0.32 mM) and p-nitrophenyl
phosphate (O.l3mM). The Km value of PDP is well
within the range of Km values for other substrates, thus

,-crIQ3
y-cr1n+0·S87II

S - -to
d!<POP mMrt

Fia.2-Lineweaver-Burk plot for wheatprm acid phospbataae
catalyzed peroxodiphosphataae c1eavap [pH S.07 acetate buffer.
[enzyme] -0.01% wt/vol. reaction mixture 10m!. hydrolysis for

IOmin.3S·C]

pH

Fia.l-Effect of pH on wheatprm acid phospbataae catalYRd
peroxodiphosphate cleavqe [Acetate butTer. [PDP]-O.$77mM.
[enzyme] -0.01% wt/vol. reaction mixture 10m!. hydrolysis for

IOmin.3S·C.

• acetate buffer. 3S0C. [Enzyme] -0.01% wt;vol. 10ml reaction
mixture. hydrolysis for 10min.

Results •••• DIsc •.•••

The chemical hydrolysis of peroxodiphosphate
requires drastic conditions of acidity 7 ([8+]<0.1
0.5 M).

H+
HO -P( =O)(OH)-O -0 - P( =O)(OH) -OH-

HO-0-P(=0)(OH)OH+H3PO •... (2)

The kinetics and mechanism of this hydrolysis (Eq. 2)
has been studied in considerable detaip·u.13 and a
mechanism closely similar to the hydrolysis of
pyrophosphate has been proposedl •• The energy of
activation (E.) ofthis hydrolysis is acid-dependent and
is in the range 18-28k cal/molls. In the pH range 4-9
peroxodiphosphate is very stable and hydrolysis is
practically negligible.

The acid phosphatase catalyzed peroxodiphosphate
cleavage follows first order kinetics. The pH-rate
profile shows a maximum at pH 5 in acetate buffer
(Fig. I). The Lineweaver-Burk plot in a wide range of
substrate concentrations is given in Fig. 2. The Km

value for peroxodiphosphate (0.16mM) is lower than
that of p-nitrophenyl phosphate (0.27 mM) under
identical conditions.

Tablel-K •••and V•••a• Values for the Peroxodiphosphate
Cleavage by Wheatgerrn Acid Phosphatasea

pH I()4K. V•••
(mM-1) (IO·PDP cleaved mMmin -I)

4.0 S.26 2.8
4.48 1.92 2.0
S.O 1.6 1.6
S.34 2.3S 2.2
S.S8 2.86 2.2
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Table2-Michaelis-Menten Parameters in Hydrolysisof Peroxodiphosphateby WheatgermAcid Phosphatase"
[Inhibitor], Y=a+bx Kj Km Vmu Type of

mM (mM) (mM) 104PDP inhibition
mMmin--'

None Y=0.62+0.99x0.161.61

Phospha te-( I)

Y=0.53+0.\35x1.70.2541.88Competitive
(partial)PMP + phosphate (1.87)

Y=0.72+0.597x0.370.823\.37

CuH(1.43)

Y = 1.63+0.136x0.880.0830.614Uncompetitive
HgH (0.103)

Y=2.5 +0.165x0.0340.0670.405Uncompetitive
F ~(2.1)

Y=1.2 +0.112x2.320.0950.847Uncompetitive

apH 5 (acetate buffer), 35°C, [Enzyme] = 0.01% wt/vol., reaction mixture 10ml hydrolysis for tell~ , pNPP substrate Km =0.27 mM at
pH 5 (acetate buffer), 35°C.

u
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Ka, refers to the ionization of the P-O-O-H
hydrogen. A first ionization state is clearly available
for binding with the enzyme. It is relevant to note here
that the acid hydrolysis of PMP to HzOz is two orders
of magnitude slower than that of PDP to PMP and is
appreciable7,13 only atpH<O.

The wide difference in the reactivities of PDP and
PMP towards the enzyme may well be due to the

the enzyme at this pH a situation may arise where Km

=Ks. The calculated Ks is less than the Km indicating
that all the ionized species are not involved in the
reaction. As a matter of fact Ks is only 42% of the Km

value, which corresponds to the statistical abundance
of HP Z08 3 - species in the reaction mixture at pH 5.

At pH 5, p-nitrophenylphosphate exists pre
dominantly in its first ionization stagel6,17. If the
ionized species of the substrate is considered as the true
substrate, Ks must be regarded as the true binding
constant. In such a situation Km is only an apparent
binding constant. A comparison of the Km value
(0.27 mM) of p-nitrophenyl phosphate and the Ks value
(0.06446 mM) of peroxodiphosphate indicates a
substantial preference of the enzyme for PDP.

Reactions with peroxomonophosphate
Peroxomonophosphate (PMP), the first product of

enzymatic cleavage, is itself a potential substrate for
the enzyme, as far as its structure is concerned.
Independent experiments with PMP as a substrate,
showed only a poor response and the could not
compute the Km value. The ionization constants 7 of
PMP are Ka, = 8.0)( 10 --z, Ka2 =4.2 x 10-6 and Ka,
= 1.6 X l()-13. At pH 5, the population of
HzPOs - (III) and HPOs Z - (IV) is approximately equal
(50% each).

(3)

o 0II II
HO-f-o-o-~·o-cr o·.lI 8

n

o 0
11 II

HO- P -G-O-P-OHI I0- 0-

Formation of an N'-phosphorylhistidine intermediate
in acid phosphatase reactions is now generally
accepted 1 8 -zoo HZPZ08Z - could form such a complex
intermediate from either side because of the
symmetrical nature of the dianion. In II, the binding
site (A) is most probably preferred over site (B).

It was of interest to know the particular ionized
species of peroxodiphosphate preferred by the enzyme.
This was done by calculating the dissociation constant
of the enzyme-substrate complex using Eq. (3).

[S]
v= vmax[S] +KsO + [H]/KaJ

At ph 5, Ka = Ka,. The Ks value was calculated to be
0.064 mM. If ~oth (A) and (B) are equally preferred by

Determination of Ks

The rate maximum at pH 5, usual for acid
phosphatase activity, on a closer scrutiny reveals
certain interesting features. It is well established that,
the binding of the substrate with acid phosphatase is
preferred in its first ionisation stagel6,17 (ROP03H ~).
Peroxodiphosphate is a tetrabasic acid and has the
following dissociation constants 7: Ka. = 2.0, Ka = 3.0
x 10-I, Ka, = 6.6 x 10-6 and Ka4 = 2.1 x 10-B. At

pH 5, the relative abundance of HZPZ08Z -(I) and
HPz083-(II) is about 60% and 40% respectively.

demonstrating the nonspecific nature of the enzyme,
cleaving a wide spectrum of phosphomonoester
substrates.

The energy of activation of this reaction has been
calculated from the Arrhenius plot (7.0 k cal/mol). The
biocatalysis is clearly evident, as the acid catalyzed
hydrolysis has an Ea value 1 5 in the range 18-28kcal/
mol. All the kinetic results are summed up in Table 2.
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Product inhibition

The study of phosphate inhibition was carried out in
the presence of Na2HP04 at ImM concentration. The
Km' of the reaction was found to be 2.54 x to -4 M

while v'max remained essentially same. This is a typical
competitive inhibition. At subsaturated concen
trations of POP, Na2HP04 (0.01 to 0.05mM)
accelerated the enzymatic hydrolysis up to 30%. We
have frequently observed substrate inhibition of acid
phosphatases and it is usual phenomenon with
phosphatases22 -24. Since orthophosphate is a
competitive inhibitor it reverses the substrate
inhibition at low concentrations. The data relevant to
phosphate accelerated POP cleavage are given in
Table 3.•

symmetrical nature of the peroxodiphosphate and
electronic and stenc factors, which we are unable to
define precisely at this moment. In a recent study Lynn
et al. 21attempted a LFER correlation of log Km versus
C1 (Hammett substituent constants) in the substituted
phenyl phosphate cleavage by bovine milk phospha
tase. A rho (p) value of - 1.27 indicated that the
transition state required electron accession and that k 3

in Scheme I was rate-limiting.

S k, ES k, ES' kJE+:;:::= :;:::= +P1 -+ E+P2
k_1 k ,

Schemel

In the case of p-nitrophenyl phosphate cleavage, PI
=p-nitrophenol, P2 = phosphate. In POP cleavage PI
= peroxomonophosphate, P2= phosphate and in the
PMP cleavage PI =H202 and P2=phosphate. The
differences in the reactivities of several orders of
magnitude in POP and PMP could be explained on the
basis of the above model, in which the release ofH202
from the ES complex is not favoured thus making the
k2 step rate-limiting. The leaving group stabilities at
pH", 5(HPOs 2- versus H02 -) may also be a
contributing factor.

"pH 5, acetale butTer, 35°C.

1 10
rSJ(POPmMI-1

21 r'0'991
y= 0·619+0·099X

-10

PMP also inhibits the PDP hydrolysis significantly
we could not use pure PMP free from orthophosphate,
as PMP used was prepared by the acid hydrolysis of
POP, which yielded a equimolar concentration of
PMP and phosphate (Eq.2). The type of PMP
inhibition was mixed (competitive and noncompetitive
typc(Fig. 3). PMP, though a substrate for the enzyme
was poorly hydrolysed. The strong competitive
inhibition by PMP in the presence of equimolar
concentration of orthophosphate is most probably
occurring by the same mechanism as that of phosphate
alone. It is important to note that the K, 'ofPMP
+ phosphate inhibition (0.37 mM) is significantly
lower than the Kj of phosphate (1.7 mM) (Table 2). The
lowering of Vmax also indicates a noncompetitive
inhibition by PMP. In a typical noncompetitive
inhibition, the inhibitor forms a complex with the
enzyme as well as with the ES complex resulting in a
situation of nonavailability of active sites. This and the
substrate nature of PryfP result in a mixed inhibition.

Inhibition by F-, Cu2+ and Hg2+
All the kinetic data relevant to inhibition studies are

summed up in Table 2. Fluoride, a well known
inhibitor of acid phosphatase2s showed anomalous
behaviour in peroxodiphosphate hydrolysis. Fluoride
is reported to be competitive inhibitor for prostatic
acid phosphatase, while it behaves as non-competitive
inhibitor in the trans-phosphorylation reaction with
glucose for the same enzyme. It also acts as a
competitive inhibitor for plant acid phosphatases26,2 7.

In the present study inhibition due to F - turned out to

Fig.3-Lineweaver-Burk plot for wheatgerm acid phosphatase
catalyzed peroxodiphosphate cleavage showing mixed type of
inhibition by PMPA +phosphate. [The dotted line represents the
uninhibited reaction, pH 5.07, acetate butTer, [enzyme] =0.01% wt/

vol, reaction mixture IOml, hydrolysis for IOmin, 35°C]

W[PDP]
Cleaved

(mMmin ~1)

1.2

1.21

1.28

1.24

(mM)
15

20

30

50

of Disodium Hydrogen Phosphate
PDP Cleavage by Wheatgerm Acid

Phosphatase"

104 [PDP] W[Phosphate]
Cleaved

(mMmin-')

1.08

J.JI

J.J9

J.J6

1.2

(mM)
o
2

5
7

10

102 [Phosphate]

Table 3-Effect
(Na2HP04) on
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be uneompetitive. In a typical uncompetitive
inhibition the ligand intervenes with the ES complex
but not with the free enzyme. Studies with Cu2 + and
Hg2 + showed an identical pattern. The biochemical
implications of this cleavage are not known at this
moment.
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