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SUMMARY

A flow injection system using a molybdenum(VI) reagent and a high-perform-
ance liquid chromatographic system using a molybdenum(V)-molybdenum(VI) re-
agent were designed to characterize the substrate specificity and the metal ion speci-
ficity in the hydrolysis of polyphosphates by inorganic pyrophosphatase (EC 3.6.1.1).
The rapid reaction with a half-life of the order of 2 min was easily measured. The
enzyme was quite specific for inorganic pyrophosphate of the ten polyphosphates
tested at pH 7.2 and 30°C in the presence of magnesium ion. Magnesium ion activated
the enzymatic reaction, while calcium and strontium ions inhibited the effect of mag-
nesium ion.

INTRODUCTION

Orthophosphate (P,), pyrophosphate (diphosphate, P,) and tripolyphosphate
(triphosphate, P;) have been extensively used in various industrial fields!-2. These
inorganic compounds also play an important réle in biological metabolisms associ-
ated with nucleotides3#. Kinetic researches on both the chemical hydrolysis and the
enzymatic hydrolysis of P, and P; are required to help to understand their stability
and reactivity in environmental waters® and biological cycles! ™.

P; and P, are hydrolyzed slowly in the absence of a catalyst, with approximate
half-lives of 1 and 3 years, respectively, in a neutral medium at 30°CS. The final
product is P;. At least one hydroxyl group per phosphate moiety in all phosphate
species is considered to be unprotonated at pH 7.
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Inorganic pyrophosphatase (P,ase or PP;ase, EC 3.6.1.1) is distributed widely in
almost all living cells and is likely to be indispensable to living systems’~22, The P,ase
isolated from baker’s yeast has been well characterized by X-ray structural analysis®
and amino acid sequence analysis®. The enzyme is a peanut-shaped dimer with the
overall dimensions 100 x 50 x 50 A. Each monomer peptide chain in the P,ase
dimer contains 285 amino acid residues, corresponding to a molecular weight of
32042. The approximate molecular weight of the P,ase dimer with two identical
subunits is 64000, and this value will be used in this paper to calculate enzyme
concentrations.

P,ase catalyzes the hydrolysis of pyrophosphate in a neutral medium as fol-
lows:

Pzase, H2°
g ———— 2P 2

Much attention has been focused on the reaction mechanisms and the substrate speci-
ficity of P,ase in the presence of various metal ions”~32. Two or three metal ions are
likely to participate in the enzymatic reaction. The interesting possibility of using
P,ase as a marker enzyme in cancer research!4 has also been suggested. One of our
current projects is to monitor the activities of free enzyme and P,ase-carriers in en-
vironmental waters, with a view to determining the kinetic factors that may control
the lifetimes of polyphosphates and the process of eutrophication.

The purpose of this study was to design analytical systems based on flow in-
jection analysis (FIA)?3-28 and high-performance liquid chromatography
(HPLC)?7:28 which could be employed for the rapid and automatic measurement of
P,ase activity. The FIA system employing a molybdenum(VT) reagent was useful for
the selective determination of the product (P,) in the presence of the substrate (P,)
in eqn. 2. On the other hand, the HPLC system using a molybdenum(V)-molybde-
num(VI) reagent for the post-column reaction was employed for the simultaneous
determination of P,, P;, P; and other oligophosphates!-® as substrates. A marked
effect of alkaline earth metal ions on the P,ase activity at pH 7.2 and 30°C was
observed. Only magnesium ion activated the enzymatic hydrolysis of P,, and calcium
and strontium ions inhibited its effect. Substrate specificity was also investigated in
the presence of various substrates, i.e., P,, P; and ten other oligophosphates. The
P,ase was found to be quite specific for P,.

EXPERIMENTAL

Samples and reagents

Orthophosphate, KH,PO,, pyrophosphate, Na,P,0,; - 10H,O and tripoly-
phosphate, NasP30,o, were commercially available (Wako, Osaka). Only tripoly-
phosphate was purified by repeated crystallization, yielding NasP;0;0 - 6H,0. An
equilibrium mixture of oligophosphates was prepared according to the literature?®,

Inorganic pyrophosphatase (EC 3.6.1.1) isolated from baker’s yeast was com-
mercially available from Sigma (St. Louis, MO, U.S.A.). The specific activity of
lyophilized enzyme according to Sigma was 500600 U per mg protein at pH 7.2 and
25°C. The P,ase activity measurements in this work were made at pH 7.2 (5 mM
Tris—HCI buffer) and at 30°C.

The molybdenum(VI) reagent for FIA experiments was prepared by dissolving
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5.3 g of ammonium molybdate, (NH4)¢M0,024 - 4H;0, in 1 1 of 0.3 M sulphuric
acid. The molybdenum(VI) concentration was about 0.03 M.

The molybdenum(V)-molybdenum(VI) reagent for HPLC experiments was
prepared as follows. About 5.3 g of ammonium molybdate were dissolved in 1 1 of
2.0 M sulphuric acid to prepare a 0.03 M molybdenum(VI) solution. (Subsequently,
1.8 M sulphuric acid was found to be better than 2.0 M sulphuric acid for rapid
colour development.) To the molybdenum(VI) solution, 0.65 g of metallic zinc
(sandy, free from As) were added. A part of the Mo(VI) was reduced to Mo(V)
during the complete dissolution of the zinc with magnetic stirring. The resultant
molybdenum(V)-molybdenum(VI) reagent was stable at least for a month and ready
for the determination of orthophosphate and polymeric phosphates by the so-called
heteropoly blue method.

Apparatus and procedures

The apparatus for the FIA and HPLC systems was the same as that used
previously?3.27.30-32. The main components were reciprocating pumps with two
plungers (Seishin PSU-3.2W and Kyowa KHU-W-52), a spectrophotometer with a
8-l flow cell (JASCO, UVIDEC 100-IIW) and an HPLC system (Hitachi 635). An
anion-exchange separation column (25 cm x 4 mm I.D., TSK-Gel SAX, 10 um) was
employed.

Eluent I for the isocratic elution of phosphates was 0.20 M potassium
chloride-1 mM ethylenediaminetetraacetate disodium salt (Na,EDTA)-10 mM am-
monia. For the gradient elution, eluents I and II (0.50 M KCl-1 mM Na,EDTA-10
mM NH;) were used. The gradient characteristics (convex, 180 min) were determined
by the chloride concentration, C (M), at time ¢ (min); C = (4.7 - 1073 + 5.3 .
10~4 £)°-3, All HPLC experiments, whether isocratic or gradient elutions, were made
at the flow-rate of 1 ml/min.

RESULTS AND DISCUSSION

Determination of P,ase activity by FIA

The FIA system in Fig. 1 was designed so that the enzymatic reaction in eqn.
2 could be stopped instantaneously and the product P, could be detected selectively
in the presence of the substrate P,. Each flow-rate of water and molybdenum(VI)
reagent was adjusted to 1.0 ml/min by using a reciprocating pump with two plungers.
A sample solution (S) was injected into the water stream via a loop-valve injector
(100 ul). The molybdenum(VI) reagent was acidic enough to stop the enzymatic

pump
mi/min f
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Fig. 1. FIA system for the selective determination of orthophosphate in the presence of polyphosphates.
D = Spectrophotometric detector; S = sample injector; M = T-joint; RC = reaction coil (5 m x 0.5
mm 1.D. PTFE, 30°C); BC = back-pressure coil (1 m x 0.25 mm 1.D. PTFE); W = waste.
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reaction by acidifying the sample zone at the confluence point M. Of P5, P, and P,
tested, only P, reacted with the molybdenum(VI) reagent in the reaction coil (RC)
to form molybdophosphoric acid. The absorbance of this yellow complex was mon-
itored at 380 nm with a spectrophotometer (D). A back-pressure coil (BC) was lo-
cated at the exit of the cell.

The molybdenum(VI) reagent used in this work has scarcely been used for the
determination of phosphates in a manual batch method. The main reasons for this
are that the molybdenum(VI) reagent shows strong UV absorption over a wide wave-
length range, 200400 nm, and the molar absorptivity of the yellow molybdophos-
phate complex changes steeply with wavelength, even at 380 nm as employed in this
work. Some difficulty due to the high background level of the reagent could not be
avoided when a sample was injected into a carrier stream of the molybdenum(VI)
reagent; a negative peak, associated with the dilution of the streaming reagent by the
sample, was observed at low sample concentration.

On the other hand, this inherent difficulty could be overcome by employing
the two-line FIA system shown in Fig. 1; a sample was injected into the carrier stream
of water, and subsequently mixed with the flowing molybdenum(VI) reagent. With
this system, very stable and even background levels could be maintained, which per-
mitted the reproducible detection of P; without the appearance of a negative peak
even at zero sample concentration. Compared to the heteropoly blue method em-
ployed in the following section, this method was less sensitive, but had the advantage
that the colour development of P, was so rapid at normal temperature as to enable
the selective detection of P; without the chemical hydrolysis of polyphosphates.

Metal ion specificity

P,ase was allowed to react with P, at 30°C in a buffered medium (pH 7.2, §
mM Tris—HCl buffer) containing Mg2*, Ca2* and/or Sr?*. Aliquots of the incubated
reaction mixture (each 100 ul) were successively injected at 1-min intervals into the
manifold (Fig. 1) to monitor the progressive formation of P, in the incubated solu-
tion.

Fig. 2 shows kinetic FIA profiles for the enzymatic hydrolysis of P, at constant
substrate and enzyme concentrations but varying types of metal ions. As shown in
Fig. 2a, with magnesium ion the peak height or the amount of P, in the FIA profile
increased linearily with time and then tended to become constant toward the end of
the enzymatic reaction. The slope of the kinetic FIA profile corresponds to the rate
of enzymatic hydrolysis. In contrast to the réle of magnesium ion as an activator,
calcium ion is a very poor activator as shown in Fig. 2d where the slope is almost
zero. It is also evident from Fig. 2b and c that calcium ion depressed the activation
effect of magnesium ion. Strontium ion also inhibited the effect of magnesium ion,
though not as strongly as Ca?*. P,ase activities in the presence of Mg?*, Ca?*
and/or Sr?* are shown in Table I. Each value is relative to the maximum activity
(100%) with Mg2?* and negligibly low values are indicated as 0%. No experiment
with Ba2* was made because the incubated solution gradually became turbid under
the same conditions.

As mentioned previously?3, the slopes of the kinetic FIA profiles or the reac-
tion rates were proportional to the enzyme concentrations and independent of the
substrate concentrations over the range 0.1-1 mM P,. The Michaelis constant, K,,,,
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Fig. 2. Kinetic FIA profiles for the enzymatic hydrolysis of pyrophosphate. (a) [Mg?*] = 0.4 mM; (b)
Mg?*] = 0.4 mM, [Ca®*] = 0.04 mM; (c) [Mg**] = 0.4 mM, [Ca?*] = 0.4 mM; (d) [Ca2*] = 0.4 mM.
In all experiments, [P;] = 0.2 mM and [P,ase] = 3. 10?7 M.

for P,ase has been shown to be as low as 0.005 mM7—23. Hence the observed reaction
rate, ¥, can be regarded as the maximum reaction rate, V.,, in the well known
Michaelis-Menten expression; at [P5] > Ky

= Vmax[PZ] =
[PZ] + Km Vmu (3)

The enzymatic hydrolysis of P, with a half-life of a few minutes can be measured by
FIA as shown in Fig. 2a. A further attempt to design a more efficient FIA system is
in progress to enable the measurement of enzymatic reactions with half-lives shorter
than 1 min and to determine kinetic parameters such as the Michaelis constant by
means of FIA experiments at lower substrate concentrations. The specific activity of
P,ase at 30°C was estimated from the kinetic profiles to be 730 U/mg, i.e., one mg
protein liberated 730 umol P, per minute. This value is somewhat higher than the
value at 25°C, 500-600 U/mg, according to Sigma, but is in agreement with 600-750
U/mg given in the literature” 23, It is stressed that the amounts and the concentrations
of P,ase in this study are based on the protein content according to Sigma and the
molecular weight (64 000) in the literature®-®.
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TABLE 1

EFFECT OF METAL 10NS ON THE P,ase ACTIVITY UNDER THE CONDITIONS INDICATED
IN FIG. 2

Metal ions Concentrations (mM) Relative activity
(%)
Mg?* - 04 - 100
- Ca** - 0.4 0
- Sr2* - 0.4 0
Mg?* Ca?* 04 0.04 27
Mg?* Ca%t 0.4 02 3
Mg?*t Ca?* 0.4 04 0
Mg+ Sr2* 04 0.04 95
Mg?* Sr2+ 0.4 0.2 61
Mg+ Sr2* 04 04 4

Determination of Pase activity by HPLC

The activity measurement by FIA is based on the selective detection of either
the substrate or the product. If one wanted to know the total mass balance of chem-
ical species in a enzymatic reaction it would be necessary to monitor the amounts of
the individual substrates, products and, if present, intermediates. This is important
in cases where more than one substrate, such as P, and P, are involved in an in-
cubated solution. The HPLC system in Fig. 3 was designed for the simultaneous
determination of orthophosphate and polymeric phosphates. It is based on an an-
ion-exchange separation using a TSK-GEL SAX (10 um) and post-column detection
using a molybdenum(V)-molybdenum(VI) reagent. The post-column reaction system
can be interchanged with the high-pressure FIA system with three pumping lines,
which has been extensively used for FIA experiments on phosphorus compounds?7—32,
The pumping line P, is installed for multi-purpose use and is not always necessary.
The molybdenum(V)-molybdenum(VI) reagent was prepared by a more simple
method than that described previously3°—32, It was stable for at least a month and
reacted with orthophosphate to form a heteropoly blue complex which could be
sensitively detected at its absorption maximum, 820-830 nm. The hydrolysis of po-

mi/min

Mo(V)-Mo(VI)

Fig. 3. HPLC system for the determination of orthophosphate and polyphosphates. P, and P, = pumps;
HPLC = HPLC pumping system; C = separation column; RC = reaction coil 20 m x 0.5 mm LD.
PTFE, 140°C); BC = back-pressure coil (1 m x 0.25 mm LD. PTFE); other notations in Fig. 1.
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Fig. 4. Kinetic HPLC profiles for the enzymatic hydrolyses of pyrophosphate and tripolyphosphate. (a)
With enzyme, [P,ase] = 1. 10~'° M; (b) without enzyme. In both experiments {P,] = 0.1 mM, [P;] =
0.1 mM and [Mg2*] = 0.4 mM.

20
Incubation Time

lyphosphate to orthophosphate and the colour reaction of the resultant orthophos-
phate with the reagent proceeded simultaneously in the reaction coil maintained at
140°C. ’

The isocratic elutions in Fig. 4 were made with eluent I containing 0.20 M
potassium chloride to monitor not only P,, P, and P, but also intermediate species.
No positive evidence for the formation of intermediates was observed. The use of an
eluent with higher chloride concentration up to 0.23 M is recommended to shorten
the separation time*® when only P,, P, and P, are to be separated.

Substrate specificity

To examine the substrate specificity of P,ase in the presence of magnesium ion
an equimolar mixture of two substrates, P, and Pj, incubated at pH 7.2 and 30°C
with or without the presence of P,ase was analyzed by HPLC. For convenience, the
P,ase concentration was lowered from 3 - 107° M (Fig. 2) to 1 - 107! M. Aliquots
(100 ul) of each incubated sample solution were injected at 20-min intervals and
eluted with eluient I as described in the Experimental section. In the absence of P,ase,
both P; and P, remained unchanged for at least 80 min (Fig. 4b). In the presence of
P,ase (Fig. 4a) the P, peak decreased with time and the P, peak increased corre-
spondingly, while the P; peak remained unchanged. The fact that P, was produced
by the hydrolysis of P, was confirmed by peak area measurements for P,, P, and P,
with a Chromatopac (Shimadzu). It was also confirmed that P,ase did not catalyze
the hydrolysis of cyclic triphosphate (trimetaphosphate).

The P,ase activities for P, and P; in the presence of Ca2* were also examined
by the same procedure. P; as well as P, were not hydrolyzed by P,ase, as expected
from Fig. 2d for P,. The HPLC results lead to the conclusion that the total mass
balance of P;, P, and P; in the presence of Mg?* and Ca?* can be quantitatively
displayed on the HPLC profiles, and P,ase catalyzes the hydrolysis of only P, in the
presence of Mg?*,

The HPLC measurement of P,ase activities was also carried out for higher
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Fig. 5. Kinetic HPLC profiles for the enzymatic hydrolyses of a mixture of oligophosphates obtained by
a gradient elution. (a) Without enzyme; (b) with enzyme, [P,ase] = 3 . 10™° M. In both experiments the
sample concentration is 0.5 mM (as P) and the magnesium ion concentration is 1 mM.

polymeric phosphates in the presence of Mg2*. All the experimental conditions for
the enzymatic reaction and the HPLC procedure were the same as in Figs. 3 and 4,
except that a gradient technique was employed using both eluents I and II. The
substrate was an equilibrium mixture of polyphosphates whose average degree of
polymerization was 5. It contained not only P;, P, and P, but also P, (tetraphos-
phate), Ps (pentaphosphate), Ps (hexaphosphate), etc., as can be seen in Fig. 5a.
These polyphosphates when incubated in the absence of P,ase were stable for at least
an hour to give an HPLC profile identical to that in Fig. Sa. On the other hand, P,
could not be detected in the HPLC profile of the same substrate incubated for an
hour with P,ase, in agreement with the results in Figs. 2 and 4. An important con-
clusion is that Pase is still specific for P, in the presence of Mg?*.

The leading réle of inorganic pyrophosphate as a substrate, not as a cofactor,
in the enzymatic reaction may appear remarkable. Special efforts, therefore, have
been made in this paper to demonstrate visually the progress of enzymatic hydrolysis
for those who may be unable to find such “inorganic enzyme chemistry” in their
textbooks of modern inorganic chemistry. Thus all kinetic profiles in Figs. 2, 4 and
5 were reproduced by direct photocopy, without redrawing, from the original re-
corder charts with blue background lines. This will allow students to understand the
function of P,ase in facilitating control of the P, concentration in a reaction such as
ATP —» AMP + P,, which is essential in biological metabolism#*-34.
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