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Abstract—The causes of inhibition of Escherichia coli inorganic pyrophosphatase (PPase) by Ca** were investigated. The
interactions of several mutant pyrophosphatases with Ca®* in the absence of substrate were analyzed by equilibrium dial-
ysis. The kinetics of Ca®* inhibition of hydrolysis of the substrates MgPP; and LaPP, by the native PPase and three mutant
enzymes (Asp-42—-Asn, Ala, and Glu) were studied. X-Ray data on E. coli PPase complexed with Ca®* or CaPP; solved at
atomic resolution were analyzed. It was shown that, in the course of the catalytic reaction, Ca** replaces Mg>* at the M2
site, which shows higher affinity for Ca** than for Mg?*. Different properties of these cations account for active site defor-
mation. Our findings indicate that the filling of the M2 site with Ca*" is sufficient for PPase inhibition. This fact proves
that Ca?* is incapable of properly activating the H,O molecule for nucleophilic attack on PP;. It was also demonstrated
that Ca’", as a constituent of the non-hydrolyzable substrate analog CaPP;, competes with MgPP; at the M3 binding site.
As a result, Ca®" is a powerful inhibitor of all known PPases. Other possible reasons for the inhibitory effect of Ca** on

the enzyme activity are also considered.
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Soluble inorganic pyrophosphatases catalyze
reversible hydrolysis of pyrophosphate (PP;) to two
orthophosphate molecules (P;) and are the key factors
controlling PP; intracellular level. Pyrophosphate is a
product of more than 120 enzymatic reactions.
Catalyzing pyrophosphate hydrolysis, pyrophosphatases
ensure the synthesis of all vital cellular biopolymers.

Similar to many enzymes involved in phosphate
metabolism, PPases are metal-dependent enzymes. Three
or four bivalent metal ions are necessary for their catalytic
activity; among them, Mg*" is the most powerful effector.

The development of X-ray analysis and PPase syn-
thesis by genetic engineering provided the basis for
recent progress in determination of the three-dimension-
al structures of PPases from FEscherichia coli,
Saccharomyces cerevisiae, Thermus thermophilus, and
Sulfolobus acidocaldarius. The crystal structures of the
apoenzymes and their complexes, including those with
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activator metal ions, are presently known [1-5]. These
data show that, despite considerable differences in
amino acid sequences and subunit structure, PPases
from various organisms share similarity in the active site
structure and probably in the mechanism of catalysis.
Structure determination of E. coli PPase complexes
with Mn?* [1] and Mg** [2, 4] and of S. cerevisiae PPase
complexes with Mn?* and P, [3, 5] made it possible to
locate the sites responsible for binding of activator metal
ions. Figure 1 shows the position of four Mn?* ions at the
active site of the PPase subunit [3]. Two sites, M1 and M2,
are filled in the absence of substrate; Mg?* and Mn** bind
to these sites similarly [6]. The affinities of M1 and M2 for
activator metal ions differ more than tenfold. Thus, for E.
coli PPase at pH 7.5, Ky (Mg*") is 50 uM at site M1 and
1.4 mM at site M2 [7]. Two other sites, M3 and M4 (Fig.
1), are occupied with metal cations in enzyme complexes
with the substrate or products of the catalytic reaction.
In addition to Mg** and Mn?**, only Zn** and Co**
can stimulate pyrophosphate hydrolysis catalyzed by

0006-2979/00/6503-0373$25.00 ©2000 MAIK “Nauka/Interperiodica”



374

PPases [8]. Ca®*, conversely, is an efficient inhibitor of mag-
nesium pyrophosphate hydrolysis. The enzyme interac-
tions with Ca?*, and inhibition kinetics are best studied for
S. cerevisiae (baker’s yeast) PPase [8-11]. In this instance,
inhibition by Ca?" was shown to be due to competition
with Mg?* for binding to two binding sites on the enzyme
and to a third site on the substrate [10, 12]. In 1983, the
structure of yeast PPase complexed with calcium
pyrophosphate was reported [13]; however, low resolution
(5 A) allowed the authors to draw only preliminary conclu-
sions concerning Ca>* and CaPP; binding at the active site.

For E. coli PPase, it was demonstrated that Ca®*-
induced inhibition is also connected with the replacement of
Mg?* from the substrate and from at least one site on the
enzyme [14]. Similar results were obtained for all other
PPases [15-19]. This suggests that the causes and mode of
Ca*" inhibition are common to all PPases. A strong inhibito-
ry effect of Ca®" on PPases may contribute to activity-regu-
lation mechanisms of these constitutive enzymes in vivo.

Numerous recent studies have shown that Ca®" is the
most common regulator used by living cells from the ear-
liest evolutionary stages [20-22]. The unique properties of
Ca®" account for this phenomenon: it is widely spread in
nature and capable of rapid and tight binding to proteins;
in addition, cells possess a specific system providing quick
removal of excess Ca*". In eucaryotes, Ca’* is involved in
regulation of dozens of processes, such as mitosis, muscle
contraction, proliferation and differentiation in different
types of cells, hormone secretion, etc; it also plays an inte-
grating role controlling coordinated function of different
compartments, cells, and organs [22]. Although the uti-
lization of Ca?* in procaryotic cells is not so diverse, it has
been shown that Ca®" participates in regulation of such
processes as metabolic shift toward the use of a variant
food substrate, directional cell movement, etc. [23]. The
intracellular Ca®" concentration is normally 107-10° M
[19, 20]. Elevated Ca>" concentrations (up to 10> M) serve
as a signal to the cell. At such concentrations, Ca*" pro-
duces a strong effect on PPases and other enzymes of
phosphate metabolism (kinases, ATPases, and phos-
phatases [21]). In all probability, this effect forms the
basis for the regulatory role of Ca®" in procaryotic cells.

In this work, we investigated the interaction of Ca**
with E. coli PPase and some of its mutants both in the
absence of substrate and during the catalytic reaction.
Such an approach is helpful for the comparison of Ca**
binding sites with those responsible for binding activator
metal ions, Mg?" and Mn?*, already located in the PPase
three-dimensional structures (Fig. 1).

In collaboration with the staff of the Institute of
Crystallography of the Russian Academy of Sciences,
we examined the structure of two E. coli PPase com-
plexes with Ca®" and calcium pyrophosphate. Their
recently solved three-dimensional structures will soon be
published. X-Ray data proved useful for understanding
the results and, therefore, are used in the discussion.
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MATERIALS AND METHODS

The recombinant E. coli inorganic pyrophosphatase
and mutant enzymes were obtained as described previ-
ously [24]. Enzyme suspensions were stored in ammoni-
um sulfate (90% saturation) and desalted on a Sephadex
G-50 (fine) column equilibrated with 50 mM Tris-HCI,
pH 7.5, before use.

The concentration of pyrophosphatase solutions
was determined spectrophotometrically using the
absorption value 4%, of 1.18 [25].

Equilibrium dialysis of inorganic pyrophosphatase
and mutants with *CaCl,, and equilibrium dialysis to
substitute Ca*" for Mg** were conducted as described
[6].

In this work, we used carrier-free “*CaCl, (Amer-
sham, England) with radioactivity of 0.5-1.0 mCi/ml;
Tris, Hepes, Na,P,0,, and CaCl, were from Sigma
(USA); MgCl,, LaCl;, and methyl green were from
Fluka (Switzerland). In all experiments, titrated MgCl,
and CaCl, solutions were used; all solutions were pre-
pared using twice-distilled water.

Kinetic measurements. All the measurements were
performed in 0.1 M Tris-HCI buffer, pH 7.5. To study
MgPP; hydrolysis, Mg** and Ca®" concentrations were
varied from 0.05 to 2 mM and from 5 to 1500 pM,
respectively; MgPP; concentration was changed from 10
to 120 pM. In the investigations of LaPP; hydrolysis,
Mg** concentration was 0.6 mM, Ca** concentration
was varied from 5 to 250 pM, and LaPP; concentration
was changed from 20 to 200 pM. LaPP; was synthesized
just before hydrolysis by mixing equimolar amounts of
La** and PP;; this excluded CaPP, formation in the reac-
tion mixture. The reaction was initiated by simultaneous
addition of Mg** and the enzyme.

To calculate concentrations, the following K values
obtained by recalculation of pH-independent values for
pH 7.5 were used: 1.29 uM, 2.42 mM, and 126 pM for
MgPP;, Mg,PP;, and CaPP,, respectively [26]. The con-
centration of Ca,PP; complex was ignored.

Estimation of inhibition parameters. MgPP; hydroly-
sis. The following scheme for Ca**-induced inhibition of
MgPP; hydrolysis was suggested:

EMg(1)Ca(2)(MgPP)) EMg,(MgPP;) - products

Ky 3 ¢ Kg

K, K,

EMg(1)Ca(2) ~ EMg(l) ~ EMg,
K¢ 1t t Kc

EMg(1)Ca(2)(CaPP;) EMg,(CaPP))

Scheme 1
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This scheme assumes that MgPP; and CaPP; can
bind both to EMg, and EMgCa. The location of metal
cations on the enzyme molecule is shown by figures in
parentheses. Thus, EMg(1)Ca(2) is an enzyme subunit
with Mg®* at the M1 site and Ca®" at the M2 site.

In Scheme 1, the relationship between 1/v and
[CaPP;] (Dixon plot) is as follows:

L _ 4+ b[CaPP] + ¢[CaPP]. 1)
A

Coefficients of Eq. (1), a, b, and ¢, are determined
from the following equations:

K, )
L, Me™] )
Vo © ViMgPP]

K (1+

a =

K
KS( 1 + ZI<'5K% 'Z ) )
b= Kc  KsK;  K3[MgPP] ., 3
Vi[MgPP]

o - zK K, @)

 V,K3KL[MgPPJ

where V), is the maximum rate of MgPP; hydrolysis in
the absence of inhibitor at saturating substrate concen-
tration; K,, K;, Kg, Kg, K¢, and K are the constants of
the equilibria shown on the Scheme 1; z is the ratio of the
dissociation constants of pyrophosphates of calcium
and magnesium:

_ K(CaPP)
K,(MgPP))

The ratio of the concentrations of Ca** and CaPP;
at the fixed concentrations of [Mg**] and [MgPP] is
determined by the equation:

[MgPP]

S )
[Mg™]

[CaPP] = z[Ca®*]

Nonlinear regression analysis of the data using
Egs. (1)-(5) allowed us to calculate the parameters V,
K, Kg, Ky, and K¢. Using K, values from 0.5 to 2 mM,
K, was estimated. The K. and Ky parameters were
determined interdependently. The calculations show
that, in a wide range of Ky values, K varies not more
than 3-5-fold and reach saturation. In Table 2, the limit
K¢ and corresponding Ky values for the native PPase
and Asp-42-Asn variant are given. For Asp-42-Glu
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and Asp-42-Ala PPases, only the lower K limit could
be determined.

LaPP; hydrolysis. Scheme 2 was suggested to
describe inhibition of LaPP; hydrolysis by Ca**:

K, K,
EMg(1)Ca(2) -~ EMg(l) -~ EMg,
Kg 1 t Ky
EMg(1)Ca(2)(LaPP) EMg,(LaPP,) - products

Scheme 2

According to this scheme, Ca?* inhibits LaPP;
hydrolysis by competition with Mg** for the M2 binding
site. In the absence of Mg**, PPase does not hydrolyze
LaPP;, i.e., the form ECa,(LaPP;) is inactive.

It follows from Scheme 2 that under experimental
conditions, the dependence of 1/v on Ca** concentration
is linear:

% = 4 + b[Ca"]. ©6)

The coefficients of Eq. (6) are determined from the fol-
lowing equations:

1 Ky K,
= + 1+ + ) H (7)
Vo Vo[LaPP] ( [Mg2 ]
KK, KK,

b (8)

= + 5
Vo[Mg” K3 [LaPP] VK3 K§[Mg™']

where V), is the maximal rate of the LaPP; hydrolysis in
the absence of the inhibitor at the saturating substrate
concentration; K, K§, K,, and K}, are the constants of the
equilibria shown on Scheme 2.

Under experimental conditions, the straight lines
(1/v, [Ca*]) at different [LaPP;] are virtually parallel
(inhibition is formally assigned to the mixed type), so
that:

~ KyKs
Vo Ky K§[Mg™']

(8a)

Data analysis by a nonlinear regression method
using Egs. (6)-(8) allowed us to determine parameters
Vo, Ks, and K, Ky /K, and estimate Kg. In Table 3, K; K /K,
values as well as Ky and K, parameters are presented.
Calculated ¥V, values agree well with those obtained
from kinetic studies of LaPP; hydrolysis in the absence
of inhibitor.
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RESULTS

Ca”* binding in the absence of substrate. In our pre-
vious work [6], using equilibrium dialysis we showed
that E. coli PPase subunit binds two Ca** cations in the
absence of substrate. The form of the curve in Scatchard
plot indicates cooperativity of binding (probably
between analogous binding sites in different hexamer
subunits). One of two Ca®" cations associated with
PPase subunit may be replaced by Mg**. K, for Mg** at
this site is 0.54 + 0.07 mM (Table 1); this corresponds to
the low-affinity Mg?*-binding site (M2 in Fig. 1).

Earlier, using fluorometric titration, it was shown
[8] that a high-affinity Mg**-binding site (of two sites
filled in the absence of substrate) coincides with a low-
affinity Ca**-binding site and vice versa.

A similar approach is inapplicable to E. coli PPase.
To elucidate whether this inversion also takes place in E.
coli PPase, we analyzed the mutant PPases with substi-
tutions of active site groups responsible for Mg** bind-
ing. Equilibrium dialysis with *Ca®* was conducted with
the mutant variants Asp-65-Asn, Asp-67-Asn, Asp-
70-Asn, Asp-97-Asn, Asp-102-Asn, Asp-42—-Asn, Asp-
42-Glu, and Asp-42-Ala, and for some of them, equi-
librium dialysis to substitute “Ca** by Mg** was per-
formed. The results are shown in Fig. 2 and summarized
in Table 1.

The data demonstrate that, of all mutant PPases,
the variants Asp-97-Asn, Asp-102—-Asn, and Asp-
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42—-Glu retain the ability of the native enzyme (WT) to
bind two Ca*" cations per subunit. Under experimental
conditions, Asp-65-Asn, Asp-67—Asn, Asp-70—Asn, and
Asp-42-Asn PPases bind only one Ca**, while Asp-
42-Ala PPase binds three Ca** ions.

Analysis of Ca** substitution for Mg** shows that
all PPases (Asp-65-Asn, Asp-102-Asn, Asp-42-Asn,
Asp-42-Glu, and Asp-42-Ala) are similar to WT PPase
in their ability to replace one Ca** by Mg**. The dissoci-
ation constant for Mg** at this site varies from 0.36 mM
for Asp-102—-Asn PPase to 2.47 mM for Asp-42-Asn
PPase; this corresponds to the low-affinity binding site
(M2 in Fig. 1).

The data are consistent with the hypothesis that
two Ca®*-binding sites with different affinity for Ca**
are present at the active site of the PPase subunit. It is
difficult to estimate Ca**-binding parameters in WT
PPase due to cooperative interactions [6]. In mutant
PPases, these sites are filled independently; this makes it
possible to determine the dissociation constant for the
high-affinity site, which varies from 0.17 mM for Asp-
65—-Asn PPase to 0.67 mM for the Asp-42—Glu mutant
enzyme (Table 1). The dissociation constant for the sec-
ond Ca**-binding site cannot be estimated, since under
experimental conditions (0.6 mM Ca®"), it is not yet
filled.

The mutant Asp-42-Ala PPase has a third Ca**-
binding site, in which the metal may be substituted by
Mg** with Ky = 212 puM.

Table 1. Equilibrium dialysis of the native (WT) and mutant PPases with *Ca*" and Mg**

Ca®* binding Substitution for Mg**
Enzyme
number of sites K,, uM* number of sites Ky, mM
WT PPase [6] 2 cooperative 1 0.54 £ 0.07
binding
Asp-65Asn 1 174 + 35 1 2.1%1.0
Asp-67Asn 1 153 + 40 not measured
Asp-70Asn 1 230 £ 20 not measured
Asp-97Asn 2 200 £ 20 not measured
Asp-102Asn 2 210 = 60 1 0.36 £0.07
Asp-42Ala 3 145 + 20 2 ()** 0.21 £0.03
(2) 0.76 £0.20
Asp-42Glu 2 670 £ 350 1 1.3+£0.3
Asp-42Asn 1 178 + 25 1 25%+04

* K, (Ca®") values for the high-affinity site are presented, since only this site is saturated under experimental conditions. K, (Ca**) for other

sites, if any, is estimated with large relative errors and is not shown.
** Dissociation constants for the two sites are given.
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Fig. 1. Presumed transition state at the active site of yeast (S.
cerevisiae) PPase subunit complexed with Mn>" and P; [3].
Designations: Oy, bridge-type oxygen atom from pyrophos-
phate; O,, attacking water molecule. The positions of corre-
sponding residues in E. coli PPase are given in parentheses.
Metal ions are shown by black circles. Metal-binding sites are
numbered from M1 to M4; the phosphate-binding sites are
denoted by P, and P;.

Inhibition kinetics of MgPP; hydrolysis by Ca?*. As
it follows from equilibrium dialysis [6], spectrophoto-
metric titration, and E. coli PPase protection from pro-
teolysis [7], Ca*" has at least two binding sites on the
enzyme. These sites differ in affinity for Ca*: Ky(1)
measured by different procedures varies from 19 to 68 UM,
and K4(2) is 2.5 mM at pH 7.5 [7]. It was suggested that
Ca”" binding to one of these sites is involved in inhibi-
tion of MgPP; hydrolysis; one more calcium ion com-
petes with Mg?" for substrate binding [14]. It still
remains unclear the filling of which sites leads to inhibi-
tion of MgPP; hydrolysis.

In this work, we explored Ca®" inhibition kinetics of
MgPP; hydrolysis for WT PPase in relation to Mg?*, Ca?*,
and MgPP; concentrations. In Fig. 3a, the relationship
between hydrolysis rate and free Mg?>* concentration at
several constant Ca** concentrations is shown. The linear
dependences in double-reciprocal plots show that, in a
given range of Mg?** and Ca®" concentrations, Ca** com-
petes with Mg?" at only one site. The dissociation con-
stant K,(Mg?") 0.53 mM calculated at 20 uM Ca** con-
centration is in good agreement with the value obtained
by equilibrium dialysis to substitute Ca** for Mg>* (0.54 mM,
see Table 1). This value corresponds to the low-affinity
Mg?*-binding site (M2 in Fig. 1). The M1 site (high-affin-
ity Mg**-binding site, K(Mg>") 50 uM at pH 7.5 [7]) is
filled under experimental conditions. Hence, we showed
that Ca®" replaces Mg”* from the M2 site, whose affinity
for Ca®* is considerably higher than for Mg** (K(Ca®")
determined from the secondary plot is 65 uM; Fig. 3a).
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In the absence of Mg**, E. coli PPase does not
hydrolyze pyrophosphate even at excessive Ca** concen-
trations (up to 10 mM). This means that Ca*" cannot act
as an activator, although it is capable of binding to the
“activating” M2 site.

Figure 3, b and c, shows the relationship between
MgPP, hydrolysis rate and Ca>* concentration in the pres-
ence of 0.6 mM Mg*". The dependence in (1/[Ca>"], v/(V, —
v)) coordinates (Fig. 3b) allows one to evaluate the degree
of inhibition [27]. The fact that the straight line passes
through the origin indicates that, in the presence of Mg>*,
PPase does not hydrolyze CaPP; at a detectable rate.

a
1y "
™
12 4
4 2 o0
40
8 0 0.001 0.002
1/[Mg?], uM™'
| [Mg*], p °
4 -
0 T T T T T 1
0 0.02 0.04 0.06
1/[Ca?], uM~*
b
1y 1y

0 0001 0.002 0.003
1/IMg™"], uM™"

T 1
0 0.02 0.04 0.06

1/[Ca?"], uM™

Fig. 2. Equilibrium dialysis of mutant PPases Asp-65-Asn (a)
and Asp-102-Asn (b) against *Ca*" (double-reciprocal plot).
The results of equilibrium dialysis of these enzymes to substi-
tute ¥*Ca* by Mg?* are given in insets.
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Fig. 3. a) Dependence of MgPP; hydrolysis rate (v) on Mg**
concentration at constant concentrations of free Ca>* (20 (1),
50 (2), and 100 uM (3)) for WT PPase at pH 7.5 and [MgPP;]
of 40 pM. A secondary dependence of the slope of lines on
[Ca®"]is given in insets. Here and below the rate of hydrolysis
is expressed in international units. b) Dependence of the rate
of MgPP; hydrolysis by WT PPase on CaPP; concentration.
Coordinates are taken from [21] (pH 7.5, [Mg**] is 0.6 mM,
[MgPP] is 20 uM). c) Inhibition of MgPP; hydrolysis cat-
alyzed by WT PPase by Ca* (Dixon plot). Concentration of
MgPP;: 10 (1), 20 (2), 40 (3), and 80 uM (4). Calculated Hill
coefficients: 0.63 (7), 0.87 (2), 1.16 (3), and 1.58 (4). A sec-
ondary dependence of the initial slope of the curves on
1/[MgPP;] is shown in the inset.
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Figure 3c shows Dixon relationships between
hydrolysis rate and inhibitor concentration ([I], 1/v). For
convenience, to calculate kinetic parameters, CaPP; con-
centrations proportional to [Ca**] at each constant
[MgPP,] were plotted on the abscissa instead of free Ca**
concentrations. Figure 3c shows a clear-cut nonlinear
dependence of 1/v on [I]. This indicates the involvement
of several Ca*" ions in inhibition, which is confirmed by
determination of Hill coefficients (given in Fig. 3 leg-
end). Considerable deviation from the straight line indi-
cates the presence of the term [CaPP;]* in the expression
for 1/v. This means that, under experimental conditions,
the forms with two calcium ions (EMgCaCaPP;) partic-
ipate in inhibition. Based on this finding and the above-
mentioned consideration that at 0.6 mM Mg**, the M1
site is completely filled with Mg?*, an inhibition scheme
has been suggested (Scheme 1). It assumes that both
MgPP; and CaPP; can bind to EMg, and EMgCa. In this
scheme, the equilibria for binding of free pyrophosphate
to EMg,and EMg(1)Ca(2) are omitted. The calculations
show that the maximum [PP};,.. value under experimen-
tal conditions does not exceed 0.2 uM, while K, of the
PP; complex with any enzyme form is above 100 pM [8].
The combination of Egs. (1)-(5) gives the equation for
the hydrolysis rate (1a) in Dixon coordinates as follows:

11 K

LE
= 1+
v Vol [MgPP]

[Mg™]

1+ —2)+

KS[CaPP,-] 1 ZKSK2 ZK2
+ (—+ + )+
VoMgPP] " K. KiK5 K}[MgPP]
12
N K{[CaPP;] zK, (1a)

V,[MgPP]* K;K¢

In “Materials and Methods”, we showed that Eq.
(1a) allows one to evaluate the parameters of Scheme 1.
The calculated values are summarized in Table 2. Analysis
of these parameters leads to several intriguing conclusions.

1. At the M2 site, as we expected, PPase affinity for
Ca’" is higher than for Mg** (K; /K, = 5007). To esti-
mate K; given in Table 1, K, values from 0.53 mM
(obtained in the previous kinetic experiment for [Ca**] of
20 pM, Fig. 3a) to 2.0 mM (determined by UV-spec-
troscopy [28]) were used. It should be noted that the
affinity of this site for metal ions increases in the pres-
ence of substrate [29]. This may affect K, and Kj values
measured by kinetic methods.

2. The Ky value of 10 uM is much higher than Kg =
0.45 pM. This is unexpected, since it is assumed that
MgPP; affinity for Mg®*- or Ca®*-activated enzyme is
virtually the same [8, 10]. The same holds for K-and K
parameters. Estimation of K- shows good agreement
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Table 2. Ca®" inhibition parameters of MgPP; hydrolysis by native and mutant PPases (calculated according to

Scheme 1 at pH 7.5 and [Mg**] of 0.6 mM)

Enzyme WT PPase Asp-42Ala Asp-42Glu Asp-42Asn

5%, uM 2-12 50-800 15-150 1400-7600
K, \M 0.45+£0.05 2005 105 2005
Kg*, uM 10 5 10 2
Ke, uM 2.4-10° 45-10° 7-107 0.5-10°
K& uM 0.06 £0.02 >200 0.09 £0.03 >200
Vo**, U 825%5 100 + 10 40+£5 600 = 50
Vy¥** U 1167 103.8 89.4 1728
K, ***, uM 0.13 1.67 9.08 2.00

* Estimated parameters determined interdependently are given (for details see “Materials and Methods”). To estimate K, K, values from 0.5

to 2 mM were used.
** Calculated according to Scheme 1.

*+* pH._Independent values obtained from kinetic studies at [Mg®"] of 5 mM.

with equilibrium dialysis data for yeast PPase, according
to which K¢,pp; = 700° M [8]. However, CaPP; affinity
for EMg(1)Ca(2) (K¢) is significantly lower than the
expected value. The reason for this discrepancy is
unknown; however, it indicates different effects of Mg**
and Ca** on the active site conformation.
3. The comparison of K and Kj, as well as K- and
K5 indicates that the affinity of various PPase forms for
Ca** is several orders of magnitude higher than for Mg**.
On the whole, the experimental data are well
described by Scheme 1. Our results show that Ca** com-
petes with Mg®* for the M2 site (low-affinity for Mg**
and high-affinity for Ca**), while CaPP; competes with
MgPP;. All dissociation constants including K, do not
exceed 10 pM; this accounts for very high effective Ca**
inhibition constants for all known PPases [15-19].
Kinetics of Ca?" inhibition of LaPP; hydrolysis. The
binding constants of pyrophosphate complexes with such
cations as Cr’* and La** are very high (0107 M [30]);
therefore, we can postulate that Cr’* (La’") as substrate
constituents cannot be replaced either by Mg”* or by Ca**.
(The corresponding dissociation constants for MgPP; and
CaPP; are given in “Materials and Methods”). In the pres-
ence of Mg”*, CrPP; is hydrolyzed by E. coli PPase,
although much more less effectively than MgPP;. The inhi-
bition of CrPP; hydrolysis by Ca** was earlier used to show
that one of the inhibitory Ca** ions is a substrate constituent [7)].
In this work, we investigated Ca®* inhibition of
LaPP; hydrolysis. Under the experimental conditions,
free pyrophosphate was absent from the reaction mix-
ture; therefore, CaPP; was not formed. This allowed us to
eliminate the “substrate” Ca**-binding site and to calcu-
late the inhibition parameters using a simplified model.
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Figure 4 shows the results of this part of the work.
The relationships between hydrolysis rate and concentra-
tions of Ca** ((a) Dixon plot) and substrate ((b)
Lineweaver—Burk plot) are shown. As we expected, the
dependences are linear; this means that one Ca** ion is
sufficient for PPase inhibition. In (1/[Ca*], v/(V, — v))
coordinates, all straight lines pass through the origin; this
shows that similar to MgPP; inhibition, LaPP; inhibition
is complete (not shown). The kinetic parameters of LaPP;
hydrolysis at pH 7.5 and [Mg**] of 0.6 mM in the absence
of Ca** are V, = 13.6 U, K,, = 356 uM (Table 3).

The experimental data are most adequately
described by Scheme 2. According to this scheme, Ca**
inhibits LaPP; hydrolysis through competition with
Mg** for the M2 site. In the absence of Mg**, PPase does
not hydrolyze LaPP;, namely, the form ECa,(LaPP;) is
inactive. Scheme 2 does not take into consideration the
formation of this enzyme form, since as mentioned
above, at [Ca**] < 200 uM, only one calcium cation is
involved in inhibition.

The experimental design was such that all
pyrophosphate added to the reaction mixture was in the
LaPP, form. Therefore, Scheme 2 is a simplified variant
of Scheme 1. The combination of Egs. (6)-(8) gives Eq.
(6a) for the rate of LaPP; hydrolysis in Dixon coordi-
nates:

11 K K
—=—|1+ S (1+ 2
v~ 7 | app) ¢ [Mg2+]) *
KK [LaPP]
+ 2+ S 1+ 1 , 68,
C™ e are Tk
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Fig. 4. a) Dependence of the rate of LaPP; hydrolysis by WT PPase on Ca®* concentration (Dixon plot). LaPP; concentration: 50 (1), 60
2), 75 (3), 100 (4), and 200 (5) uM. b) Dependence of the rate of LaPP; hydrolysis by WT PPase on LaPP; concentration
(Lineweaver—Burk plot). Ca®* concentration: 50 (1), 100 (2), 150 (3), and 200 UM (4). Secondary plots for estimating kinetic parameters
are shown in insets (the initial slope of the curves is marked with filled circles, left ordinate; open circles show the intercept on the 1/v

ordinate, right ordinate).

where V| is the maximum rate of LaPP; hydrolysis in the
absence of inhibitor at substrate saturation; other
parameters are taken from Scheme 1.

Estimation of inhibition parameters using Scheme
2, gives K, K, and K, /K values. These results together
with LaPP; hydrolysis parameters in the absence of Ca**
(Vy and K,,)) are summarized in Table 3.

The comparison of MgPP; and LaPP; hydrolysis
parameters leads to the following conclusions.

1. The maximum rate of LaPP; hydrolysis by the
native PPase is two orders of magnitude lower than that
of MgPP;. This finding differs from the literature data
on hydrolysis of pyrophosphates of lanthanum and
other rare-earth elements by yeast PPase [30]. In all like-

lihood, the active site of E. coli PPase is more specific
with respect to the substrate metal ion than the active
site of the yeast enzyme.

2. The affinity of LaPP; for EMg, is by a factor of
300 weaker than the affinity of MgPP; for EMg,. Similar
results were obtained with yeast PPase [30]. However,
the dissociation constants of LaPP; and MgPP; complex-
es with EMg(1)Ca(2) are at least of the same order.
These data indicate that the nature of metal ion at the
M2 site is important for optimum conformation of the
substrate-binding site.

3. The comparison of Kg and Ky parameters shows
that enzyme affinity for CaPP; is much higher than for
LaPP;. A similar result was obtained with MgPP;,.

Table 3. Parameters of Ca?" inhibition of LaPP; hydrolysis by native and mutant PPases (calculated according to

Scheme 2 at pH 7.5 and [Mg>*] of 0.6 mM)

Enzyme WT PPase Asp-42Ala Asp-42Glu Asp-42Asn
K5 K/ K,, uM 0.047 £ 0.005 0.010 £ 0.007 9t1 0.009 % 0.001
K5*, mM 0.005-0.05 >0.07 0.01-0.1 >0.015
Ks, uM 139£8 985 100 £ 10 145 £25
Kg*, uM 0.9-9 <0.14 70 <0.6
Vo**, U 13.8 4.6 4.62%0.17 8.28 £ 0.45 3.18 £0.22
K. **, uM 356 £ 16 428 + 20 362 £ 50 11517

* Estimated parameters are presented (for details see “Materials and Methods”). To calculate K5, K, values from 0.5 to 2 mM were used.
** I and K,, were determined from kinetic studies at pH 7.5 and [Mg**] of 0.6 mM.
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Fig. 5. Dependence of the rate of MgPP; hydrolysis by mutant PPases on CaPP; concentration (Dixon plot). a) Asp-42—-Glu PPase. MgPP;
concentration: 80 (/) and 120 pM (2). Calculated Hill coefficients: 1.19 (/) and 1.14 (2). b) Asp-42—-Asn PPase. MgPP; concentration: 20
(1), 40 (2), and 80 uM (3). Hill coefficient: 0.94 (1), 1.04 (2), and 1.4 (3). Secondary dependences of the initial slope of the curves on
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4. The Ca*" affinity for the M2 site determined from
LaPP; hydrolysis is somewhat lower than the parameter
determined from MgPP; hydrolysis. This probably
reflects the effect of substrate on K}, and shows that the
estimate presented in Table 2 is an effective value.

From these results we may conclude that the filling of
M2 site with Ca?" is sufficient for E. coli PPase inhibition.
If the metal in this site is responsible for activating the
attacking nucleophile, this fact unambiguously indicates
that Ca®" is ineffective in activating the H,O molecule.

Ca** inhibition of mutant PPases with substitutions
Asp-42-Ala, Glu, and Asn. It is known that, at concen-
trations above 5 mM, Mg?" inhibits E. coli PPase.
According to present views, inhibition is caused by the
filling of the fourth metal-binding site (taking into
account the substrate site) in the PPase active site. X-
Ray data explains inhibition by the filling of the M4 site
[3]. The carboxyl group of Glu-31, two oxygen atoms
from the substrate, and three water molecules, one of
which is coordinated by the side chain of Asp-42, are the
metal ion ligands at this site.

To explore whether Ca*" inhibition is connected
with the filling of this “inhibitory” site, we studied the
behavior of mutant pyrophosphatases with Asp-42 sub-
stitutions for Asn, Glu, and Ala under Ca®* inhibition
conditions. The conditions for inhibition of MgPP; and
LaPP; hydrolyses were the same as for WT PPase. Results
of the experiments are shown on the Figs. 5 and 6.

Despite different nature of substitutions, all three
mutant PPases retained the essential inhibition character-
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Secondary dependences for estimating kinetic parameters are
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istics specific to WT enzyme. Therefore, the experimental
data were analyzed using Schemes 1 and 2 for inhibition
of MgPP; and LaPP; hydrolyses, respectively. Calculated
inhibition parameters are given in Tables 2 and 3.

Earlier we studied the kinetics of MgPP; hydrolysis
by three mutant PPases, Asp-42—-Asn, Glu, and Ala (the
paper is submitted for publication). One of two distinc-
tive features of these mutants, as compared to the native
enzyme, consists in high K., values (see Table 2). The
comparison of parameters in Scheme 1 (Table 2) for the
native and all mutant PPases shows that this peculiarity
is conserved in all three mutants only for MgPP; binding
to EMg, (Kg). The Ky parameters, which characterize
MgPP; binding to EMg(1)Ca(2), and K (CaPP; binding
to EMg,) are virtually the same for all four enzymes. This
explains why Ky and K differing by a factor 25 in WT
PPase become virtually identical in mutants. This differ-
ence shows that, at the active site of the native PPase,
there exists an optimum conformation for binding “phys-
iological” ligands, Mg** and MgPP;, while the substitu-
tion of the Asp-42 residue decreases active site specificity
with respect to the nature of the associated cation.

In all four enzymes studied, CaPP; affinity for
EMg, (K) exceeds MgPP; affinity for EMg, (Kj) by sev-
eral orders of magnitude. Alternatively, Asp-42—-Ala and
Asp-42—-Asn PPases are characterized by worse K, and
K¢ parameters (Ca®* affinity for EMg(1) and CaPP;
affinity for EMg(1)Ca(2)).

The inhibition parameters of LaPP; hydrolysis, as
well as ¥, and K, (Table 3), differ in native and mutant
pyrophosphatases to an even lesser extent. Thus, the
replacement of Mg?* by La** leads to elimination of
variation in behavior of different enzymes (WT PPase
and mutants). This finding supports our suggestion of
the existence of an optimum active site conformation
and illustrates an important role of the “substrate”
metal ion in generating this conformation.

DISCUSSION

Growth and development of a procaryotic cell
mainly depend on the nature of a food substrate and
energy resources; H* (NADH) and organic phosphates
(ATP, P;, and PP;) are the major regulators of metabol-
ic processes in procaryotes [20]. Since Ca®" affects the
enzymes of phosphate metabolism, the changes in intra-
cellular Ca** and phosphate concentrations are interre-
lated [31, 32]. The Ca’" ions inhibit PPases at a concen-
tration of (10> M; this corresponds to Ca** maximum
level in the cell [20]. In E. coli, an increase in PP; con-
centration reduces the rate of many processes and final-
ly results in growth inhibition [33]. Accordingly, Ca**-
mediated regulation of pyrophosphatase activity may
control PP; concentration during intracellular signal
transduction.
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Ca”" binding in the absence of substrate. Our data
are consistent with an earlier suggestion that the high-
affinity Ca®*-binding site in E. coli PPase (K,; measured
by different methods varies from 18 to 68 UM [7]) coin-
cides with the low-affinity Mg?*-binding site (K; = 1.3 mM
[22]; M2 in Fig. 1). Equilibrium dialysis of mutant
pyrophosphatases also indicates that the low-affinity
Ca”" binding site (K; = 2.0 mM [7]) is located in the
region of Asp-65, -67, and -70, namely, it probably coin-
cides with the high-affinity Mg?*-binding site (K; = 50 uM
[7]; M1 in Fig. 1). This conclusion supports the results
obtained with WT PPase. Consequently, in E. coli
PPase, affinity inversion, shown by different methods
for yeast PPase, is also observed [8, 11, 12, 28].

The question arises as to why during equilibrium
dialysis Mg?* can replace Ca* from the M2 site, while it
does not replace Ca*" from the M1 site, although its
affinity for this site is two orders of magnitude higher.
This may be due to different properties of Ca?* and
Mg?**. The size of a non-hydrated Ca®" ion is much
greater than that of Mg?" (their ionic radii are 0.96 and
0.65 A, respectively [34, 35]). However, a hydrated Ca?*
cation is smaller than a hydrated Mg** cation [36]. Metal
binding at the M2 site replaces only one solvent mole-
cule in its coordination sphere (by the oxygen atom of
Asp-70 carboxyl group). Therefore, the hydration level
of the central ion changes insignificantly resulting in
easy mutual substitutions at the M2 site, which depend
only on [Ca®"]/[Mg*'] ratio. A different picture is
observed at the M1 site. During the filling of this site,
the metal ion loses three molecules of the solvent and
acquires three protein ligands instead (Fig. 1). In this
instance, the size of the central ion becomes very impor-
tant, and the geometry of the M1 site with associated
Ca”" or Mg®" may differ considerably.

The presence of the third Ca**-binding site in Asp-
42-Ala PPase deserves special attention. The mechanism
of binding an additional Ca*" may be as follows. The
Asp-42 residue in the native PPase is hydrogen-bonded
to Glu-31 and forms an ion pair with Lys-29. It seems
most probable that the substitution of this residue by
hydrophobic alanine releases both ligands. The carboxyl
groups of Glu-31 and Glu-20 located in this region form
a negatively charged cluster capable of Ca®" binding.
Therefore, an additional Ca®* binding site in Asp-
42-Ala PPase is probably located in the same region as
the site responsible for binding “inhibitory” Mg** ion
(M4 in Fig. 1).

Kinetics of Ca?* inhibition. The kinetic data demon-
strate that first, Ca?* is incapable of activating E. coli
PPase even if it is bound at the “activator” M1 and M2
sites; second, CaPP; is not hydrolyzed by E. coli PPase in
the absence of Mg?* and at Mg?* concentrations below
0.6 mM.

Similar results were obtained with yeast PPase. Of
more than 15 metals tested, only 3 were able to activate the
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enzyme by more than 0.1% compared to Mg>* [10]. Ca*" is
not among them. Some cations (La*" and other rare-earth
elements) cannot activate the enzyme, although in the
presence of a suitable effector, the substrate containing
these cations may be hydrolyzed [10, 30]. The available
data indicate that the substrate-binding site imposes heav-
ier demands on the nature of the metal ion than the acti-
vator site [10]. It was also shown for yeast enzyme that the
nature of the substrate metal affects considerably sub-
strate binding and significantly less influences the rate of
pyrophosphate hydrolysis [30]. Our findings are in conflict
with these data; this is probably another manifestation of
the dissimilarity between yeast and E. coli PPases.

Ca®" also inhibits PPase-catalyzed 'O exchange
between phosphate and water [10].

Estimation of the rate constants for the elementary
stages of the yeast PPase-catalyzed reaction in the pres-
ence of Mn?*, Zn?*, and Co?* shows that low efficiency of
these cations as activators of pyrophosphate hydrolysis is
mainly due to a decreased rate of release of hydrolysis
products [36]. The inhibition of E. coli PPase by excess
Mg?" is also associated with this phenomenon [37].

Data analysis allowed us to determine the role of
Ca”" at different stages of MgPP; hydrolysis and suggest
the possible causes of its inhibitory effect.

1. The release of hydrolysis products and pyrophos-
phate hydrolysis are the rate-limiting stages for E. coli
PPase [36]; therefore, we shall consider them first. The
release of pyrophosphate hydrolysis products is probably
more complicated in the presence of Ca*" than of Mg>*.
First, as was shown for yeast PPase, this is observed with
many cations including Mn**, Zn**, and Co*". They bind
stronger to the enzyme active site than Mg?* that may
interfere with the release of the reaction products. At the
same time, the maximum rate of pyrophosphate hydrolysis
activated by these cations differs insignificantly, as com-
pared to Mg?", and is even higher with Zn>" [36]. Second,
as we showed in this work, E. coli pyrophosphatases bind
CaPP; several orders of magnitude stronger than MgPP;. It
probably holds true for calcium and magnesium phos-
phates. Analysis of the low-molecular-weight compounds
of calcium and magnesium demonstrates that Ca®* exhibits
higher affinity for carboxylates than Mg** [23]. We may
suppose that this is one of the main factors responsible for
stronger binding of Ca*" than of Mg®* to the PPase mole-
cule. Accordingly, more difficult release of the reaction
products may account for Ca>* inhibition of PPases.

The kinetics demonstrate that CaPP; is not
hydrolyzed by PPase. However, we cannot rule out that
a single CaPP; hydrolysis act, in which the reaction
products remain tightly associated with the enzyme,
occurs at the PPase active site in the presence of Mg>".
This makes further hydrolysis of CaPP; impossible.
Thus, the role of Ca®" in the release of the reaction prod-
ucts is still unclear, since these two possibilities are
experimentally indistinguishable.
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2. Ca®" can occupy the M1 site. The role of the acti-
vator metal at the M1 site consists in conformational
rearrangements of the active site for catalytically effec-
tive substrate binding. Figure 1 shows that one Mn?>* lig-
and at the M1 site (Asp-102 carboxyl group) is simulta-
neously a metal ligand at the M3 “substrate” site. From
the above-mentioned considerations it follows that the
mode of Ca*" and Mg’ binding at the M1 site is differ-
ent. Even if the ligands for these cations at M1 are simi-
lar, their relative position, the distance between them and
other active site groups, etc., may vary. This variation
must inevitably interfere with substrate binding (MgPP;,,
CaPP,, or LaPP;). However, this hypothesis is not sub-
stantiated by the kinetic data, since under experimental
conditions, the M1 site is completely occupied by Mg?*.

3. The substrate metal cation screens pyrophosphate
charge, thus providing necessary electrophilicity to the
attacked phosphorus atom. The efficiency of the metal
ion in this instance is determined by its polarizing effect.
The calculated polarizing effect of Ca®" is lower than that
of Mg?". This suggestion was confirmed by the study of
the effect of Ca?* and Mg** on H-O-H angle in liganded
water molecules and calculated dehydration energies for
Ca”" and Mg?" aqua-complexes [38]. However, this prob-
lem is more complicated than it may seem. Calcium ions
in solution form complexes with a coordination number
of 6 or 7 with easy transitions between them. The param-
eters of Ca®* binding in these complexes and hence, the
polarizing effect of the central ion are different. If we
compare Ca** and Mg®" complexes with identical coordi-
nation numbers, for example hexahydrates, the effective
metal ion charge in these complexes will be 1.57 and 1.18
for Ca?" and Mg?", respectively [38]. Accordingly, in
some instances, the polarizing effect of Ca’>* may be com-
parable or even higher than that of Mg?*. Thus, the acti-
vating effects of Ca?* and Mg** on pyrophosphate are
still incompletely understood.

The data on LaPP; hydrolysis indicate that the
nature of metal cation at the M3 site is essential for
hydrolysis. The k_, value for LaPP; hydrolysis by WT
PPase is two orders of magnitude lower than for MgPP;
hydrolysis, despite higher La** charge. It follows from
this observation that the functions of the substrate metal
cation are not limited to shielding of the pyrophosphate
charge. Nevertheless, La*" is capable of substrate activa-
tion. In all probability, despite a larger radius as com-
pared to Mg** (1.06 A [35]), La** produces a rather
strong polarizing effect due to its higher charge.

4. The role of Ca®" associated at the M2 site is of
particular interest. A current model for the mechanism
of PPase hydrolytic action suggests that the metal ion at
the M2 site functions as a nucleophile activator for the
attack on pyrophosphate [3]. Ca?* and Mg>" show dif-
ferent efficiency in activating a water molecule. Thus,
the pK, of the water molecule included in the coordina-
tion sphere of the metal ion is 12.9 for Ca®" and 11.4 for
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Mg?* [34, 35]. This means that under identical condi-
tions, the concentrations of active nucleophile may dif-
fer more than tenfold in these two instances. In addition,
calcium cation, which differs in size from Mg**, may
destroy the native conformation of the M2 site affecting
the position of metal ligands. At the same time, the ori-
entation of the attacking nucleophile is extremely impor-
tant for S\2 reaction efficiency.

As we showed above, Ca*" inhibits LaPP; hydroly-
sis under the conditions when CaPP; is not formed and
the concentrations of free Ca>* correspond to complete
filling of the M2 site. This fact clearly indicates that Ca®*
at the M2 site is incapable of nucleophile activation.

Different effects of Ca®>* and Mg** on the confor-
mation of the M2 binding site were demonstrated earli-
er by another example. The fluoride ion is a powerful
inhibitor of yeast and E. coli PPases. It was shown for
yeast PPase that F~ binds to the enzyme or enzyme—sub-
strate complex, and irreversible isomerization of the
product occurs. Yeast PPase can bind F~ only in the
presence of Mg?*, at its concentrations providing com-
plete filling of the M2 site. The resulting enzyme—sub-
strate-magnesium—fluoride complex (E-S-Mg-F) can
be isolated by gel-filtration. At the same time, in the
presence of Ca®*, the enzyme-substrate complex loses its
ability for binding F [39].

As will be shown below, the X-ray data are consis-
tent with our conclusions on the effect of Ca®* on the
active site conformation.

X-Ray analysis of pyrophosphatase complexed with
Ca? and CaPP,. The structures of E. coli PPase com-
plexed with Ca®* and CaPP; have been solved and
refined quite recently. The publication of these results is
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now in progress. They confirm the experimental findings
described above, so we present here only a short descrip-
tion of these data.

The structure of E. coli PPase complexed with Ca**
was solved at 1.1 A resolution. Each enzyme subunit in
the complex contains two metal cations at the active site.
Their position is shown in Fig. 7. The carboxyl groups of
Asp-65, -70, and -102 and three water molecules are
Ca”" ligands at one site. The Asp-102 carboxyl group is
coordinated with Ca**in a bidentate manner. The occu-
pancy of this site is 0.8. At the second site, Ca** ligands
are the Asp-70 carboxyl group and six water molecules;
the occupancy of this site is 0.7. Therefore, the positions
of calcium ions are similar to those at the M1 and M2
sites in Fig. 1. However, both Ca** ions in the structure
under consideration have a coordination number of 7,
but not of 6, as Mg?* and Mn**. This is often observed
in proteins and reflects variant properties of these
cations.

The structure of the pyrophosphatase—CaPP; com-
plex was solved at 1.2 A resolution. In this structure, all
six subunits are identical. Each subunit contains two
Ca’" ions and CaPP, at the active site (Fig. 8). Metal ions
are associated with the sites analogous to M1, M2, and
M3. Ca®" ligands at the M3 site are the carboxyl groups
from Asp-97 and Asp-102, two water molecules, and
two oxygen atoms from pyrophosphate. It is apparent
that Ca" binds at the M3 site as a substrate constituent;
this fact agrees with the order of filling of Mg**-binding
sites proposed earlier [3].

The structural comparison of the M1 and M2 sites
of the two PPase complexes reveals several characteristic
features. First, the position of Ca** at the M1 site differs

Asp-102 Asp-97

5:97&

Asp-102 A

Fig. 7. Active site of E. coli PPase complexed with Ca>*. The side groups of the most important residues are shown. Designations: large
circles, metal ions; small circles, water molecules (Ca®* ligands). Calcium cations are connected with the ligands by dotted lines. Figures

7 and 8 were generated using the MOLSCRIPT program [42].
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6 Tyr-55 ° \
Asp-102  Asp-97

Tyr-55 Asp-102

Asp-97

Fig. 8. Active site of the E. coli PPase with CaPP;. Metal ions are designated with large filled circles, and water molecules with small filled
circles. The bridge-type H,O molecule linking Ca®* ions is shown as a small gray circle. Pyrophosphate is given in gray color.

considerably: in the CaPP; complex, it is shifted by 2.39 A
toward pyrophosphate. At this site, the flexible loops of
the polypeptide chain (64-70 and 96-102) with Ca** lig-
ands are significantly displaced. The conformation of
the M2 site remains virtually unaffected. The position of
Ca®" in these structures differs by 0.8 A. In the complex
with CaPP;, the metal cation at this site has a coordina-
tion number of 6, not 7 as in the complex with Ca**. This
results in different arrangement of H,O molecules, the
metal ion ligands (the maximum shift A is 0.87 A).
Similar to the MI site, the substrate oxygen atom
becomes Ca”* ligand at M2 instead of one water mole-
cule.

Another interesting structural peculiarity of CaPP;
complex is that at the M1 and M2 sites, two metal ions
are bound to one more common ligand, a bridge-type
water molecule, in addition to the Asp-70 carboxyl
group. This molecule is absent from the Ca®* complex.
In all probability, upon substrate binding, one metal ion
moves closer to the second ion (3.3 A), and one of their
ligands becomes common to both of them. Similar shifts
of Mn** ions accompanied by the appearance of a com-
mon ligand in the presence of two phosphates were
described for yeast PPase [5].

To elucidate the mechanism of catalytic reaction, it
is interesting to investigate the arrangement of water
molecules relative to CaPP;, which is a non-hydrolyzable
analog of the substrate. According to the current con-
cept of PPase catalytic action, two different water mole-
cules are supposed to act as attacking nucleophiles.
However, analysis of PPase complexed with Ca*" and
CaPP; demonstrates that neither H,O molecule is locat-
ed on line to the bridge-type oxygen atom and rather
close to phosphorus atoms. Harutyunyan [2, 3] suggest-
ed that the attacking water molecule in the PPase com-
plex with the reaction products is replaced by the oxygen
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atom from one of the phosphates (O,, in Fig. 1). In the
complex with non-hydrolyzable CaPP;, the correspon-
ding H,O molecule is replaced by oxygen from
pyrophosphate. According to Cooperman’s theory [4,
5], the hydroxyl ion generated from the bridge-type
water molecule between metal ions at the M1 and M2
sites is an attacking nucleophile. The bridge-type H,O
molecule linking two Ca®* ions (shown in gray in Fig. 8)
is 3.48 A apart from the nearest phosphorus atom, and
upon nucleophilic attack, the angle would be 113 instead
of 180°. In addition, only one H,O molecule at the active
site of PPase complexed with CaPP; is located at a dis-
tance, which does not exceed 3.5 A from the phosphorus
atoms; however, it is distant from all three metal cations.
The amino group of Lys-148 is its only protein ligand.
Thus, neither water molecule can be definitely identified
as an attacking nucleophile.

The absence of a specifically oriented water mole-
cule may be connected with different properties of Ca**
and Mg?* leading to divergent conformation of the
active site. Superimposing the structure of PPase com-
plexed with Ca®* on the structure of the enzyme-Mg**
complex [2] shows that the positions of metal ions and
their ligands changed. As we expected, Ca** and Mg**
shifted most relative each other at the M1 site (Ais 1.37 A).
The picture is different for the M2 site: the metal ions
are located similarly (A is 0.2 A), although water mole-
cules are displaced by 0.5-0.6 A. However, even in the
structure of the enzyme complexed with Mg**, it is
impossible to find a H,O molecule located on line with
the oxygen atom of calcium pyrophosphate.

Another possible explanation presumes different
binding of the substrate at the PPase active site in the
presence of various cations. Some kinetic data support
this suggestion [36]. Structure investigations of calcium
and magnesium pyrophosphates also reveal variation in
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conformation of these substrates [40]. Superposition of
the structures of PPase complexed with CaPP; and yeast
PPase complexes with the reaction products (and with
Mn?* as effector [3, 5]) shows that they hardly differ in
the mode of substrate binding. Thus, phosphorus atoms
are displaced in these structures by 0.99 and 1.38 A and
the straight line P-P shifts by less than 10°. These differ-
ences are most likely due to the movement of phosphate
groups induced by hydrolysis. Nevertheless, structural
analysis of several mutant PPases demonstrates that
even relatively small conformational changes may con-
siderably decrease enzymatic activity [41].

We may also suggest the following explanation. The
enzymatic reaction of PP; hydrolysis/synthesis represents
a sequence of many elementary stages. The available
models of PPase catalytic action [3, 5] do not take into
consideration the complexity of this process. In particu-
lar, both presently available structures of yeast
PPase—phosphate complex do not explain the mecha-
nism of PP; synthesis. Two reactions (hydrolysis and
synthesis) catalyzed by the enzyme proceed several times
during one catalytic act; therefore, it seems reasonable
to suggest that after hydrolysis the phosphate groups
move relative to each other insignificantly. However, in
both instances, the positions of phosphates differed
from the expected ones, namely, not a single oxygen
atom was in proper orientation for nucleophilic attack
on phosphorus. This finding shows that the structural
data deals with specific conformation of the active site
fixed at an elementary stage following hydrolysis.

The complexity of the processes that occur at the
active site during hydrolysis is illustrated by one more
observation. As we already noted, in the structure of E.
coli PPase complexed with CaPP;, each metal ion at the
M1 and M2 sites is associated with only one oxygen from
phosphate. Since in this complex hydrolysis did not take
place, it means that, upon binding to the active site, the
substrate replaces one water molecule from the coordi-
nation spheres of each of these ions. If the phosphorus
atom of pyrophosphate is attacked by the water molecule
included in the coordination sphere of the metal ion, an
additional contact of this ion with the phosphate formed
should appear. However, in both structures of yeast
PPase complexed with hydrolysis products [3, 5], each
Mn?* preserves a contact only with one oxygen atom
from phosphate both at the M1 and M2 sites. This may
indicate movement of oxygen atoms due to the turn of
the phosphate residue after hydrolysis and loss of the
contact with Mn?*. A changed position of phosphate was
detected upon the comparison of structures of the yeast
mutant Arg-78-Lys PPase complexed with phosphate
and WT PPase complexed with phosphates and Mn**
[29]. This fact proves that both structures of PPase com-
plexes with hydrolysis products [3, 5] do not reflect the
state of the active site immediately after hydrolysis, but
only a subsequent stage of substrate conversion.

AVAEVA et al.

In summary, X-ray data are consistent with our
hypothesis based on Ca** inhibition kinetics of E. coli
PPase: inhibition is mainly due to the distortion of the
active site conformation resulting in inability of the
enzyme to activate and orient a nucleophile for the
attack on pyrophosphate.

In this work we analyzed in detail Ca**-induced
inhibition of E. coli PPase. Kinetic studies, equilibrium
dialysis of mutant PPases, and X-ray data reveal reasons
for the strong inhibitory effect of Ca** on PPase. First,
in the course of catalysis, Ca** replaces Mg*" from the
M2 site, which shows higher affinity for Ca** than for
Mg?*. This results in inability of the enzyme to acquire
the optimum for hydrolysis active site conformation and
orientation of the attacking nucleophile. In addition,
Ca”" is incapable of activating thee H,O molecule for the
attack. Second, we have shown that the nature of the
metal cation at the substrate-binding site and its ability
to activate the electrophilic phosphorus atom are impor-
tant for hydrolysis. Third, it has been suggested that,
upon catalysis in the presence of Ca**, the release of
hydrolysis products will be affected. These are the rea-
sons for Ca®" being a powerful inhibitor of all known
PPases.
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