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SUMMARY

The kinetics of the enzyme-catalyzed hydrolysis of inorganic pyrophosphate
(PP;) by human serum has been investigated as a function of the ionic species of
PP; and Mg at pH g.0 (37 °C): Mg?+, MgPP;?>-, and PPj*~.

Hyperbolic activity—substrate curves are obtained when MgPP;*~ and PP;*~
are used as substrates; the activity-substrate curve for total PP; is sigmoid.

On the basis of experiments in which MgPP;?— and PP;*- are assumed to be
alternative substrates for the same site, a catalytic mechanism is proposed: PP;* is
the real substrate; Mg?+ does not directly modify the binding or the hydrolysis of
PP;4-, but leads to a decrease in the activity through formation of MgPP; com-
plexes. Neither Mg?t nor MgPP; complexes bind to the enzyme.

INTRODUCTION

In previous experiments on the PPj—phosphohydrolytic activity in dialysed
serum from healthy, human individuals the activity on the substrate, PP;, as well
as on the modifier, Mg, gave a sigmoidal dependence curve (Hgrder, M., unpublished).

Sigmoidal activity—substrate and activity—modifier curves are not necessarily
indicative of multiple interacting binding sites and conformational changes in the
enzyme molecule during binding of substrate and modifiers!. Kinetic and binding
studies on the specific inorganic pyrophosphate phosphohydrolases (EC 3.6.1.1) from
different sources?~% have demonstrated that binding of Mg by PP; may lead to non-
hyperbolic activity-substrate curves. Enzymes that require metals for catalysis, and
that have substrates with chelating properties, seem to display this allosteric-like
behaviour®.

The present work was undertaken to study the PP;-phosphohydrolytic activity
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of serum in terms of free and Mg complex species of PP; in an attempt to deduce the
nature of and the catalytic properties of possible enzyme-Mg-PP; complexes.

MATERIALS AND METHODS

Serum
Pooled serum from healthy human individuals was dialysed against four
changes of 155 mM NaCl, pH 7.5 at 4 °C for 48 h.

Chemicals

A-R grade MgSO,-7 H,O, Na,P,0,-10 H,O from Merck Chemical Co. and
C,H,;;NO, from Koch and Light Laboratories were used. Fresh solutions of buffers,
PP; and Mg were made up daily in double distilled water. The pH of buffers and
incubation mixtures were adjusted at 37 °C.

Determinations of enzyme activities

Two ml of incubation mixture contained 0.6 ml of serum, 50 mM C,H,,NO,.
Concentrations of Mg, PP; and the ionic species of these were as noted in Results.
The pH during incubation at 37 °C was g.0. The PP;—phosphohydrolytic activity
was followed by the release of inorganic phosphate® determined after o, 3, 6 and
10 min of incubation to insure that zero-order kinetics were obeyed. All experiments
were performed at least twice. Enzyme activities are expressed as ymoles of PP;
hydrolysed (= wpmoles of Pj/z released) per unit of time in the following unit:
((wmoles-min—t-g=1) X 109).

Calculations
At pH g.0 (37 °C) the following ionic species of PP; and Mg are in equilibrium:
PPy~ 4 Mg?t < MgPPy?~ (1)

— 108.41 M1
K, = 1054 M

MgPP2— + Mg}? = Mg,PPy (2)

— 2,34 -1
p = TOZ3 M

The ionic, protonated species HPP;3~ and MgHPP;1~ are negligible and can be ignored.
The values of the association constants, K; and K,, were taken from the literature’
and used together with the conservation equations for Mg and PP; to calculate the
concentrations of Mg?*, PP, MgPP;2~, Mg,PP;°® (refs 4 and 7).

The numerical values of K, inhibitor constants and V were determined
arimethically by statistical treatment of data8.

RESULTS

Enzyme activity at constant concentrations of total PPy and total Mg

When total Mg concentrations were fixed at different values from o.05 to
3.00 mM and the concentrations of total PP; varied, plots of the activity against
total PP; (Fig. 1) deviated from the hyperbolic form except at very low [total Mg].
Sigmoid inhibition curves were also found when [total Mg] varied while [total PP;]
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Fig. 1. The effects of the concentration of total PP;, PPj, on the PPi—phosphohydrolytic activity
of serum, v, {(umoles-min-1-g-1) x 10%) at nine different constant concentrations of total Mg:
O, 0.05 mM; [], o.tomM; A, 0.30 mM; @, 0.60 mM; W, 1.00 mM; A, 1.50 mM; @, 2.00 mM;
¥, z2.50 mM; [4, 3.00 mM,

was constant (Fig. 2). The inhibition curves from Fig. 2 were replotted according to
the Hill equation® in the form of log;y (V/v;—1) against log,, [total Mg], where V is
the activity at the highest [total PP;]:[total Mg] ratio and »; is the activity at in-
creasing concentrations of [total Mg]. Straight line plots were obtained at six con-
stant concentrations of total PP;, with slopes decreasing from 2.6 at 3.00 mM total
PP; to 0.6 at 0.6 mM total PP;.

The enzyme activity at constant [total Mg] :[total PP;] ratios
When the enzyme activity was determined at five different constant [total Mg]:
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Fig. 2. The effects of the concentration of total Mg, Mg, on the PP—phosphohydrolytic activity of
serum, v, ((umoles-min—t-g-1) X 10%), determined at eight different constant concentrations of
total PP;: (P, 0.20 mM; @ o30mM; O, 0.60mM; [], r.oomM; A, 1.50 mM; @, 2.00 mM; m,
2,50 mM; A, 3.00 mM.
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Fig. 3. The effects of the concentration of total PP;, PP;, on the PPi—phosphohydrolytic activity
of serum, v, ((umoles-min—1-g-1) x 10%), determined at five different constant [Mg]:[PP;] ratios:
W 1:10;[],1:4; O,1:2; A,2:3;,@, 1:1.

[total PPy] ratios from 0.1 to 1.0, the activity-substrate ([total PPj])curves, (Fig. 3)
were hyperbolic. Double-reciprocal plots were linear, but did not intersect at a
common point. The calculated values for Kyltotal PPl were 1.8 mM at a [total Mg]:
[total PP;] ratio of 1.0 and decreased to 0.6 mM at a ratio of 0.1. The corresponding
values for VV were 760 and 155 ((umoles-min—t-g71) x 10%), respectively.

The enzyme activity as a function of the concentrations of the ionic species of PPy and Mg
(a) When determined at five constant concentrations of Mg?*, and considering
MgPP;2- as the substrate, the activity decreased with increasing {Mg?*], (Fig. 4).
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Fig. 4. The effects of the concentration of MgPP;?~ on the PPi—phosphohydrolytic activity of
serum, v, ((umoles-min—1-g-1) x 10% plotted in the form 1/v against 1/[MgPP;*-] at five different
constant concentrations of free (Mg?t): W, 0.4 ¢M; O, 1.1 uM; O, 3.5 uM; A, 6.5 uM; @, 56.0
M.

The secondary plots®!1: slopes of lines against [Mg2+] and intercepts of lines with the
v-axis against [Mg2?t], were both linear and intersected the [Mg®#] axis. These inter-
cepts gave the apparent dissociation constants of [Mg2+] with regard to the enzyme,
K;lore) = 0.55 uM, and to the enzyme-MgPP;®~ complex, Kj{intercert) = 17.5 4M.
From the values of the apparent dissociation constants for Mg?+, and of the
co-ordinates of the common crossover point, (1/v, 1/[MgPP;?~]), of the intersecting
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lines in Fig. 4 were next calculated the apparent kinetic constants K,,[MePP;2-] —
0.078 mM and V' = 194 ((umoles-min—1-g~1) x 10%) (refs 10 and 11).

Plots of logy, (V/v;—1) against log,, [Mg?*], where V is the calculated maximal
activity for the hydrolysis of MgPP;2-, and v; is the actual activity as a function of
[Mg?+] at six constant concentrations of MgPP;?~ from 0.05 to 1.50 mM, were linear
and had slopes of 0.8 to 1.0.

(b) The double-reciprocal plots, shown in Fig. 5, describe the activity as a
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Fig. 5. The effects of the concentration of PP;*~ on the PPi~phosphohydrolytic activity of serum,
v, ((umoles-min~1-g—1) x 10%) plotted in the form 1/v against 1/[PP;*-] at four different constant
concentrations of free Mg2+: m, 0.4 uM; [J, 1.1 uM; O, 3.5 uM; A, 6.5 uM.

function of [PP;#—] at four constant concentrations of Mg?+. The values for K,,[FPi¢-1
and V were calculated for each Mg?t concentration and for all the points at a time;
the results did not differ significantly, and were KniPFit-]1 =o0.422 mM (5.D. =
0.081 mM) and V = 176 ((umoles-min—'-g~!) x 10%) (S.D. = 11).

(c) In a series of experiments [PPi*~] was kept constant while [MgPP;®~] was
varied (Fig. 6) and in another set of experiments [MgPP;*-] was constant while
[PP;?-] was varied, (Fig. 7). This was done by chosing appropriate concentrations of
total Mg and total PP;; it was ensured that the Mg?* concentration was less than
7 M and varied within 109, at each experimental condition.
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Fig. 6. The effects of the concentration of MgPP;2- on the PPi-phosphohydrolytic activity of
serum, v, ((umoles-min—1-g-1) X 10%) at four different constant concentrations of PPi*~: (1], 0.25
mM; O, o.50 mM; M, 1.00 mM; @, 2.00 mM.
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Fig. 7. The effects of the concentration of PP;*~ on the PP;-phosphohydrolytic activity of scrum,
v, ({gmoles-min—1-g—1) x 10%) at five different constant concentrations of MgPP;?~: @, 0.05 mM;
], 0,09 mM; @, 1.00 mM; O, 1.50 mM; A, 1.9 mM.

DISCUSSION

This investigation has shown, that the sigmoidal dependence of PPi—phospho-
hydrolytic activity of serum at pH 9.0 (37 °C) on [total PP;] and [total Mg] disappears
if the ionic species of PP; and MgPP; complexes are considered as substrates.

The value of 0.8 to 1.0 for the Hill-coefficient from the effect of Mg?*+ on the
activity makes it unlikely, that Mg+ binding induces conformational changes in the
enzyme.

The results are thus consistent with results from studies on other enzymes
possessing PPi—phosphohydrolytic activity®12:13, which also display sigmoid activity—
substrate curves because the modifier, Mg, and substrate, PP;, combine with each
other.

If the values of the kinetic constants are taken as expressions for the ability
to function as substrate it appears that the enzyme apparently has a 5-fold higher
affinity for MgPP;?*~ than for PP;4-; and since they have nearly identical values for V,
they are hydrolysed at an equal rate.

The only product from the hydrolysis of MgPP;>~ and PP;*~ will be P;. Con-
sidering these two ionic species as alternative substrates, present in the same reaction
mixture, and using the values for the kinetic constants determined for each of them,
the following expression for the combined rate of hydrolysis is obtained*:

-
(VMgPP2/K ,MgPP;2-) - [MgPP;2-] + (vrpo-/K, )~[P1>i41

U =

4
1+ [MgPP-)/ K, MgPPe-  [PPe-1/ K,

24 871-[MgPP;2-] ++ 417+ [PP;4-]
1 + [MgPP;*]-12.8 4 [PPy*-].2.3

From the above it is to be expected that the combined rate of hydrolysis will be
determined by the concentration of MgPP;2~. This assumption seems to condradict
the experimental evidence, presented in the Figs 6 and 7, from which it appears that
the combined rate is primarily a function of the concentration of PPj*-, when both
are present at the same time.

An explanation of this discrepancy may be found in the role played by Mg.
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The kinetic treatment of the inhibition studies in terms of Mg?+ might lead to the
assumption, that Mg?* is an effective, competitive inhibitor (K;slore — K;E Mg) of
the binding of MgPP;*-, but not PP;*-, to the enzyme. However, a different and
more simple mechanism may be proposed: if PP;*~ is considered as the only real
substrate, the role played by Mg?* is to decrease the concentration of the substrate
(and thus the activity) by the formation of Mg-PP; complexes. Neither these nor
Mg2+ will bind to the enzyme according to the mechanism proposed; consequently
the apparent kinetic constants for the interaction of Mg?+ and MgPP;2- solely reflect
the formation of Mg—PP; complexes.

The last explanation is consistent with the experimental observations and has
also been suggested on the basis of ligand-binding studies!® on other enzymes possess-
ing PPi—phosphohydrolytic activity. Some limitations can still be put upon the
observations. The concentrations of the ionic species of PP; and Mg are not de-
termined, but calculated on the assumption!® that the values of the association
constants? for Mg—PP; complex species, originally determined at 25 °C and at a
ionic strength of 0.1, may be applied to the conditions of these experiments at 37 °C
and a lower ionic strength. Other competing equilibria must also be considered;
divalent cations, tightly bound to proteins, may not have been removed completely
by dialysis, and may be in competition with Mg for PP;. On the other hand Mg may
bind to polyelectrolytes as proteins!’ and buffer components!® although the associ-
ation constants for such complexes are low in comparison to those of the Mg-PP;
complexes’.
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