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ABSTRACT: The fluoride ion is a potent and specific inhibitor of cytoplasmic pyrophosphatase (PPase).
Fluoride action on yeast PPase during PPi hydrolysis involves rapid and slow phases, the latter being
only slowly reversible [Smirnova, I. N., and Baykov, A. A. (1983)Biokhimiya 48, 1643-1653]. A similar
behavior is observed during yeast PPase catalyzed PPi synthesis. The amount of enzyme‚PPi complex
formed from solution Pi exhibits a rapid drop upon addition of fluoride, followed, at pH 7.2, by a slow
increase to nearly 100% of the total enzyme. The slow reaction results in enzyme inactivation, which is
not immediately reversed by dilution. These data show that fluoride binds to an enzyme‚PPi intermediate
during the slow phase and to an enzyme‚Pi intermediate during the rapid phase of the inhibition. In
Escherichia coliPPase, the enzyme‚PPi intermediate binds F- rapidly, explaining the lack of time
dependence in the inhibition of this enzyme. The enzyme‚PPi intermediate formed during PPi hydrolysis
binds fluoride much faster (yeast PPase) or tighter (E. coli PPase) than the similar complex existing at
equilibrium with Pi. It is concluded that PPase catalysis involves two enzyme‚PPi intermediates, of which
only one (immediately following PPi addition and predominating at acidic pH) can bind fluoride. Simulation
experiments have indicated that interconversion of the enzyme‚PPi intermediates is a partially rate-limiting
step in the direction of hydrolysis and an exclusively rate-limiting step in the direction of synthesis.

The enzymes that catalyze reversible phosphoryl transfer
from polyphosphates to water are fundamental to cell
energetics, yet their mechanisms of action remain poorly
understood. This enzyme group includes inorganic pyro-
phosphatase (EC 3.6.1.1; PPase),1 which hydrolyzes pyro-
phosphate (PPi) to orthophosphate (Pi), providing a thermo-
dynamic pull for biosynthetic reactions (1). The two best
studied PPases are those fromSaccharomyces cereVisiae
(Y-PPase) andEscherichia coli(E-PPase) (2, 3). Both of
these enzymes require divalent metal ions for catalysis, with
Mg2+ conferring the highest activity (4), and are active with
either three or four magnesium ions per active site (5-7).

The currently accepted kinetic scheme of PPase catalysis
involves substrate (MgPPi or Mg2PPi) binding to a preformed
enzyme‚Mg2+ complex, P-O bond breakdown by direct
attack of water (8), and stepwise dissociation of two
phosphate molecules (Scheme 1). All the steps shown in
Scheme 1 are readily reversible, allowing formation of
appreciable amounts of enzyme-bound PPi (EMn+2PPi) from
enzyme and Pi and explaining the rapid exchange of oxygen
between [18O]Pi and [16O]water catalyzed by PPase (9).

PPase is one of a few enzymes inhibited at micromolar
fluoride concentrations (10-12). The action of fluoride on
Y-PPase (13), rat liver PPase (14), and the D67N variant of
E. coli PPase (15) is biphasic: an instant (half-time<1 s)
decrease in activity upon addition of fluoride to functioning
enzyme is followed by a slower decline in the remaining
activity on a time-scale of seconds or minutes, depending
on inhibitor concentration. Fluoride is thus simultaneously
a rapidly reversible and a tight, slowly binding inhibitor,
according to the nomenclature of Morrisson and Walsh (16).
In the slow phase, one PPi molecule, two Mg2+ ions, and
one F- ion become trapped in PPase (17). This inactive
complex, which can be isolated by gel filtration, decays,
regenerating active enzyme with a half-time of∼1 h at 25
°C (18). Although fluoride can bind to Y-PPase in the
absence of substrate, such binding is characterized by only
moderate affinity (Kd ≈ 3 mM) and is rapidly reversible (13).
Fluoride and PPi thus mutually stimulate their binding to
PPase. Interestingly,E. coli PPase is also strongly inhibited
by F-, but the inhibition is of a rapidly reversible type (19,
20). It was initially suggested that PPi becomes covalently
bound to enzyme in the F--stabilized complex (18), but later
studies did not support this contention. The mechanism of
PPase inhibition by fluoride remains to be determined.

Earlier studies of fluoride interaction with PPase have
focused on the hydrolysis reaction. Here we investigate
fluoride effects on the reverse PPi synthesis reaction, as well
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Scheme 1: PPi-Pi Equilibration by PPasea
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as on the enzyme‚PPi intermediate in both reactions. The
results of these studies indicate the occurrence of two types
of enzyme‚PPi intermediate in PPase catalysis and also show
that the fast and slow phases of fluoride binding to Y-PPase
designate different reaction intermediates in Scheme 1.

EXPERIMENTAL PROCEDURES

Enzymes.Expression and purification of Y-PPase was
carried out as described by Heikinheimo et al. (21), using
the overproducingE. coli XL2blueb strain transformed with
a vector including the coding region of yeastPPAgene under
the tac promoter. Enzyme concentration was calculated on
the basis of the subunit molecular mass of 32 kDa (22)
consideringA1%

280 equal to 14.5 (4), or by the Bradford assay
(23). Wild-type E-PPase was obtained as described by
Salminen et al. (24) and quantified usingA1%

280 equal to 11.8
(25). Stock enzyme solutions were made in 0.1 M Tris/HCl
buffer (pH 7.2) containing 1 mM MgCl2 and 50µM EGTA.

Methods.PPi hydrolysis was assayed by continuously
recording Pi liberation with an automatic Pi analyzer (26).
For use in the inhibition studies, the inlet system of the
analyzer was modified to decrease its dead-time to 1 s as
described previously (13, 14). Measurements were carried
out at constant concentrations of the substrate Mg2PPi (0.2
mM) and free Mg2+ (5 mM). Enzyme concentration was
adjusted in order to get comparable absorbance values at
different inhibitor concentrations.

PPi synthesis was assayed continuously by an enzyme-
coupled procedure (27), using ATP-sulfurylase to convert
the synthesized PPi into ATP, and using luciferase to monitor
ATP formation. The assay mixture contained 20 mM
potassium phosphate, 5 mM free Mg2+, 5 µL of luciferin/
luciferase solution (Sigma ATP assay mix, catalog no. FL-
ASC, reconstituted with 5 mL of water), 0.7 unit/mL ATP-
sulfurylase (Sigma), 10µM adenosine 5′-phosphosulfate, 1
mM dithiothreitol, 1 mg/mL bovine serum albumin, and
buffer in a total volume of 0.2 mL. The reaction was initiated
by adding PPase, and the time-course of luminescence was
followed with an LKB model 1250 luminometer. Care was
taken to ensure that the ATP-sulfurylase concentration was
sufficiently high, so that PPi conversion into ATP proceeded
at least 20 times faster than PPi formation. The luminescence
versus time curves measured in the absence of fluoride were
slightly curved because of slow inactivation of luciferase in
the reaction medium. The procedure used to measure
enzyme-bound PPi formation at equilibrium was described
previously (28).

MgF+ formation (Kd ) 48 mM;29) was taken into account
when calculating total MgCl2 and free F- concentrations in
the assays. To avoid MgF2 formation and precipitation in
the reaction mixture, fluoride was added just before the
reaction was started with PPase. Sodium fluoride (Ultra
grade) was purchased from Sigma Chemical Co.

Except as noted, the following pH buffers were used (0.1
M ionic strength, 50 mM K+): 95 mM acetic acid/KOH,
100µM EGTA (pH 4.8); 63 mM MES/KOH, 37 mM KCl,
100 µM EGTA (pH 5.5); 40 mM PIPES/KOH, 100µM
EGTA (pH 6.3); 83 mM TES/KOH, 17 mM KCl, 50µM
EGTA (pH 7.2); 90 mM TAPS/KOH, 5µM EGTA (pH 8.5).
The media used in the incubations with Pi (synthesis of free
and enzyme-bound PPi) were prepared by mixing appropriate

volumes of 100 mM potassium phosphate, 100 mM MgCl2,
and the buffers mentioned above, except that 20 mM acetic
acid/KOH buffer was used at pH 4.8 and appropriate volumes
of 1 M KOH were added to neutralize protons released upon
Mg2+‚acetate complex formation. All experiments were
performed at 25°C.

Data Analysis and Calculations.The time course of
Y-PPase inactivation during enzymatic reaction is described
by Scheme 2, which implies two modes of fluoride bindings
rapid (not resolved in time) binding, leading to partially
active enzyme (E′active), and slow binding, leading to com-
pletely inactive enzyme (Einactive). F is fluoride,KF1 is the
dissociation constant governing the rapid binding step, and
ki,0 and kr are the forward second-order and the backward
first-order rate constants governing the slow binding step,
respectively.

At zero time, only Eactiveand E′activeare present. The initial
velocity of PPi hydrolysis in the presence of fluoride is given
by eq 1, whereV0 andV′0 are initial velocities at zero and
infinite fluoride concentration, i.e., under conditions when
all the enzyme is present as Eactive or E′active, respectively,
and n ) 1. The apparent rate constant for slow fluoride
binding, defined aski,app ) ki,0[Eactive]/([Eactive] + [E′active]),
is given by eq 2 withn ) 1. The time-course of Pi formation
at fixed fluoride concentration is given by eqs 3 and 4, where
R is the relative residual activity (R ) {[Eactive] + V′0[E′active]/
V0]}/[E]t). For fitting of eqs 3 and 4, each product formation
curve was represented by 90-200 pairs of [P] andt values.
The calculated and measured curves agreed within 3%. All
fittings were carried out with the program SCIENTIST
(MicroMath).

RESULTS

Inhibition of Y-PPase-Catalyzed PPi Hydrolysis and
Synthesis.Figure 1 compares the effects of fluoride on the
product formation curves in the two directions of the PPi h
2Pi equilibration by Y-PPase. In both directions, fluoride
markedly decreased the initial velocity, with the effect on
PPi synthesis being larger than on PPi hydrolysis at equal

Scheme 2: PPase Inactivation by Fluoride in the Course of
PPi Hydrolysis

V0,app) V′0 +
V0 - V′0

1 + [F]n/KF1

(1)

ki,app )
ki,0

1 + [F]n/KF1

(2)

d[P]
dt

) V0,appR (3)

dR
dt

) kr(1 -R) - ki,app[F]R (4)
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fluoride concentrations (Figure 2). In contrast, the slow phase
of PPase inactivation during enzymatic reaction was much
slower in the synthesis reaction, as indicated by the straighter
product formation curves at equal fluoride concentrations
(Figure 1).

The dependence ofV0,appandki,app on inhibitor concentra-
tion estimated from PPi hydrolysis data with eqs 3 and 4

(Figure 1A) obeyed eqs 1 and 2, respectively, with very
similar KF1 values (Figure 2), and thus agreed with Scheme
2. The numerical values of all parameters controlling fluoride
inhibition of PPase in the hydrolysis reaction were obtained
by simultaneously fitting all curves in Figure 1A to eqs 1-4,
and are listed in Table 1. At the higher pH value the
inhibition of PPi hydrolysis is weaker in terms of bothki,0

andKF1, andV0′ is smaller.
In the synthesis reaction, onlyV0,app values, but notki,app

values, could be estimated with eqs 3 and 4 from the product
formation curves shown in Figure 1B, because of difficulty
with spontaneous inactivation of luciferase, indicated by the
nonlinear luminescence versus time curve in the absence of
fluoride (Figure 1B). In contrast to the hydrolysis data, the
V0,app versus [F] profile could be described only poorly by
eq 1 withn ) 1, and necessitated the use ofn ) 2, indicating
that two fluoride ions are bound. The general form of the
denominator of eq 1 in this case is 1+ a[F] + b[F]2, where
a and b are constants. However, the fitting indicated that
the terma[F] is insignificant, which means that the two
fluoride ions are bound in a strongly cooperative manner.

InactiVation of Y-PPase Equilibrated with Pi. Strong
support for the binding of two F- ions to Y-PPase was
obtained by measuring Y-PPase inactivation in the equili-
brated PPi h Pi system (Figure 3). In these experiments,
Y-PPase was incubated with fluoride, Pi, and Mg2+ in the
absence of the enzyme-coupled system used in PPi synthesis
measurements. At the high enzyme concentration used, the
PPi h Pi reaction in solution (but not on the enzyme) came
to equilibrium during the first seconds of incubation, both
in the absence and in the presence of fluoride. Aliquots of
the incubation mixture were withdrawn and diluted 900-
4500-fold with the assay mixture, and the residual hydrolytic
activity was measured, giving the data shown in Figure 3.
Because of the extensive dilution, the rapid phase of the
inactivation was reversed, and thus only the extent of the
slowly reversible phase governed byki,appwas measured. The
final value of R, corresponding to equilibrium between
enzyme and F- [Req ) 1/(1 + ki,app[F]/kr)], exhibited a bell-
shaped dependence on [F] (Figure 3, inset). In contrast, eq
2 predicts a monotonical change inReq at n ) 1, which
implies binding of only one fluoride ion. A satisfactory fit
to the data shown in Figure 3 was obtained when eq 1 was
used in combination with eq 2, in whichn was set to 2. The
value ofKF1 estimated by this fitting (Table 1) agrees with
the value derived from the analysis of PPi synthesis in
solution.

An identical analysis of fluoride inhibition was performed
at 2 mM Pi concentration (data not shown). The results were
qualitatively similar, but the maximum degree of inhibition
(observed again at 1 mM fluoride) was only 50%. This
resulted from a 9-fold decrease inki,0. Significantly, the value

Table 1: Parameters for Fluoride Inhibition of Y-PPasea

source substrateb pH ki,0 (mM-1‚min-1) kr (min-1) KF1
c KF2 (mM)d v0′/ V0

inhibition of PPi hydrolysis PPi (0.32) 7.2 2.7( 0.3 e 0.03 2.3( 0.2 e0.011 0.05( 0.01
8.5 0.94( 0.03 e 0.03 6.4( 0.2 e0.032 e0.02

inhibition of PPi synthesis Pi (20) 7.2 1.6( 0.2
inactivation in equilibrated

PPi h 2Pi system
Pi (20)
Pi (2)

7.2
7.2

0.21( 0.02
0.023( 0.004

0.012( 0.002
0.012e

0.65( 0.07
0.9( 0.3

0.058

a Measured at 5 mM free Mg2+. b Value in parentheses refers to total substrate concentration in millimoles per liter.c The units forKF1 are mM
(inhibition of PPi hydrolysis) or mM2 (in all other cases).d KF2 ) kr/ki,o. e Constrained at this value in the calculations.

FIGURE 1: Effects of NaF on the progress curves for PPi hydrolysis
(A) and PPi synthesis (B) catalyzed by Y-PPase at pH 7.2. One
unit of luminescence corresponds to 1µM PPi at zero time
(luciferase fully active). NaF concentrations (mM) are indicated
on the curves. Curves were normalized to 1.25 nM enzyme
concentration.

FIGURE 2: Dependence on F- concentration of theV0,appandki,app
values derived from the progress curves of PPi hydrolysis and
synthesis by Y-PPase at pH 7.2. Lines were obtained with eqs 1
and 2 using parameter values found in Table 1 and then values
indicated below. Open circles,V0,app for PPi hydrolysis (n ) 1);
triangles,V0,app for PPi synthesis (n ) 2); filled circles,ki,app for
PPi hydrolysis (n ) 1).
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of KF1 was only slightly changed between 2 and 20 mM Pi

concentrations (Table 1).
A more trivial explanation of the unusual effect of F-

concentration on the inactivation seen in Figure 3 could be
sequestration of F- because of MgF2 formation during the
incubation, to the extent that its solubility product (10-8.2

M3; 30) was exceeded atg2 mM F-. However, earlier
measurements done with an Mg2+-sensitive electrode indi-
cated that MgF2 is formed quite slowly on the time scale of
the assays (31). The data shown in Figure 4 provide further
support for this contention. Addition of fresh enzyme to the
system equilibrated at 5 mM NaF resulted in an identical
inactivation profile, whereas addition of 9 mM NaF to the
system equilibrated at 1 mM NaF resulted in partial reactiva-
tion, approaching the level observed in the forward reaction
at 10 mM F- (Figure 3).

The value of ki,app was pH-dependent (Table 2). No
inactivation was observed at pH 8.5, indicating a value of
ki,app close to zero, because the value ofkr (measured in PPi

hydrolysis) is not changed between pH 7.2 and 8.5 (18, 31;
see also Table 1). The data in Table 2 show thatkr remains
virtually constant down to pH 4.8.

Effect on Enzyme-Bound PPi Formation by Y-PPase.
About one-sixth of Y-PPase equilibrated with 20 mM Pi and
5 mM Mg2+ contained enzyme-bound PPi at both pH 7.2
and pH 8.5 (Figure 5), in agreement with published data (9,
14, 32). Addition of fluoride caused an instant (half-time
<12 s) drop in the amount of the enzyme‚PPi complex (fepp)
followed, at pH 7.2, by a gradual rise to a level similar to
(10 mM NaF) or markedly exceeding (2 mM NaF) the level
observed before the addition of NaF (Figure 5). Similar
dependencies were obtained at pH 6.3, 5.5, and 4.8 (data
not shown). At pH 7.2, the initial drop infepp was larger at
higher [F]. In contrast, no rise infepp (<0.005 in 100 min)
was observed at pH 8.5. Moreover, the initial drop clearly
occurred in two steps: an instant (half-time<12 s) decrease
to 0.079 ( 0.015 and a slower (half-time of 20( 5 s)
decrease to 0.012( 0.002 (Figure 5, inset). The time-
dependent rise infepp at pH e7.2 can be approximated by
eqs 5 and 6, wherefepp

fast refers to the fraction of enzyme‚
PPi complex after completion of the fast phase of the
interaction with F- (i.e., the zero-time point for the slow
phase) andfepp

slow is the fraction of enzyme‚PPi complex

Table 2: pH Dependence of Y-PPase Inactivation and Enzyme-Bound PPi Formation in the Presence of Fluoridea

inactivationb enzyme-bound PPi formationc

pH [Mg2+] (mM) [Pi] (mM) ki,app (mM-1‚min-1) kr (min-1) ki,app (mM-1‚min-1) fepp,0 fepp
fast

4.8 40 40 0.070( 0.004 0.010( 0.001 0.081( 0.003 0.010( 0.002 0.0085( 0.0024
5.5 20 20 0.064( 0.011 0.0087( 0.003 0.070( 0.004 0.043( 0.003 0.018( 0.004
6.3 20 20 0.157( 0.010 0.015( 0.002 0.105( 0.013 0.193( 0.006 0.074( 0.015
7.2 5 20 0.030( 0.002 0.016( 0.003 0.017( 0.001 0.16( 0.02 0.053( 0.005
8.5 5 10 <0.0002

(0.9( 0.2)d
0.153( 0.007 0.011( 0.002

(0.063( 0.006)d

a NaF concentration was 1 mM (pH 4.8) or 2 mM (other pH values).b Parameters obtained with eq 4.c Parameters, except forfepp,0, obtained
with eqs 5 and 6.d Determined from the time course offepp decline.

FIGURE 3: Time-courses of Y-PPase inactivation during incubation
with NaF in the presence of 5 mM free Mg2+ and 20 mM total Pi
at pH 7.2. NaF concentrations (mM) are indicated on the curves.
The reaction was carried out at 25°C in a total volume of 70µL
at 3.6 µM enzyme concentration. Aliquots of 2-12 µL were
withdrawn at the indicated time intervals, and the residual activity
of PPase was measured in medium containing 1 mM PPi, 0.2 mM
MgCl2, 10 µM EGTA, and 0.05 M Tris-HCl, pH 8.5. Lines were
obtained with eqs 2 (n ) 2) and 4 using parameter values found in
Table 1. Inset: the residual activity of Y-PPase at infinite time
(Req) as a function of F- concentration.

FIGURE 4: Controls demonstrating no fluoride ion sequestration
because of MgF2 precipitation in the experiments shown in Figure
3. After 60 min incubation with 1 mM NaF (closed squares) or 5
mM NaF (closed triangles) under conditions identical to those used
for Figure 3, an additional 9 mM NaF (open squares) or an equal
amount of fresh Y-PPase (open triangles) was added, and activity
changes were followed for a further 60 min. The lines were obtained
with eqs 2 (n ) 2) and 4 as for Figure 3, taking into account changes
in enzyme and inhibitor concentrations. 100% activity refers to the
enzyme initially present in the incubation mixtures.
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accumulated at timet during the slow phase. The values of
ki,app and fepp

fast thus obtained are summarized in Table 2.
Values ofkr were too small to be estimated in this way and
were thus constrained to the values determined above from
PPase inactivation (Table 2).

The slow rise infepp clearly reflects fluoride binding to
enzyme‚PPi complex, the true rate constant for this reaction
being ki,app/fepp

fast. Its pH-dependence (Figure 6) can be
described by a curve for a single ionization with a pKa of

5.4 ( 0.2 and limiting values ofki,app/fepp
fast of 0.17( 0.04

and 10( 2 mM-1‚min-1 in the alkaline and acidic regions,
respectively. Assuming zero limit in the alkaline region
(dotted curve) led to a poorer fit to the points measured at
pH 6.3 and 7.2.

Identification of Y-PPase Species Stabilized by F- during
Hydrolysis at pH 8.5.At pH 7.2, the slow phase of Y-PPase
inactivation in both hydrolysis (17) and synthesis (see above)
corresponds to F- binding to the enzyme‚PPi complex. No
slow inhibition phase was observed at pH 8.5 in the presence
of Pi; moreover, a slow binding of F- to an enzyme‚Pi

intermediate was detected (Figure 5, inset), presenting the
possibility that this binding is responsible for the slow
inactivation of Y-PPase during PPi hydrolysis at pH 8.5
(Table 1). This was tested by measuring the PPi content of
Y-PPase inactivated at pH 8.5 in the presence of PPi. After
a 3 min incubation of 6.3µM enzyme with 1 mM PPi in the
presence of 5 mM MgCl2, the PPi concentration dropped to
its equilibrium value of 0.6µM, consistent with high catalytic
activity of Y-PPase. If, however, 10 mM NaF was present
during this incubation, the concentration of the remaining
PPi was significantly higher (2.9µM), and the enzyme was
inactivated by 20%. Further incubation for 3 min upon
addition of the same amount of fresh enzyme only slightly
decreased the PPi level (to 2.2µM). These data show that
F- mediated the incorporation of 1.6µM PPi into Y-PPase,
which corresponds to 25% of the total enzyme. The latter
value correlates with the degree of enzyme inactivation. Thus,
the slow inactivation of Y-PPase during hydrolysis results
from fluoride binding to the enzyme‚PPi complex at both
pH 7.2 and pH 8.5.

Fluoride Effects on E-PPase.Addition of NaF to E-PPase
preequilibrated with Pi caused a rapid rise (half-time<15 s)
in fepp at pH 7.2 and 8.5 (Figure 7), indicating F- binding to
an enzyme‚PPi complex. At pH 8.5, the rise was followed
by a slower decline, showing that PPi-free enzyme also binds
F-, but at a lower rate. The final equilibrium level offepp

exhibited a bell-shaped dependence on fluoride concentration
(Figure 8). At pH 8.5, the final level measured at high

FIGURE 5: Time-courses offepp upon addition of NaF to Y-PPase
(0.13-0.16 mM) preequilibrated with 5 mM free Mg2+ and 20 mM
total Pi. Values of pH and NaF concentrations are indicated on the
curves. The reaction was carried out at 25°C in a total volume of
230 µL. Aliquots of 20 µL were withdrawn at the indicated time
intervals, quenched with 4µL of 5 M trifluoroacetic acid, and
assayed for PPi. The lines showing increase infepp were calculated
with eqs 5 and 6 using parameter values found in Table 2. Inset:
same data on a different time scale. The line for pH 8.5 was obtained
with the equation:fepp) fepp

fast + (fepp
int - fepp

fast)e-kt, wherefepp
fast

) 0.012,fepp
int ) 0.079, andk ) 1.8 min-1.

FIGURE 6: pH-dependence ofki,app/fepp
fast calculated from the data

on EPPi formation shown in Table 2. See text for details.

fepp) fepp
slow + fepp

fast(1 - fepp
slow) (5)

dfepp
slow

dt
) ki,app[F

-](1 - fepp
slow) - kr fepp

slow (6)

FIGURE 7: Time-courses offepp upon addition of 2 mM NaF toE.
coli PPase (30-140 µM) preequilibrated with 5 mM free Mg2+

and 20 mM total Pi (pH 7.2) or 10 mM total Pi (pH 8.5). Other
conditions were as for Figure 5. The arrows mark the moments of
fluoride addition. Open symbols, pH 7.2; closed symbols, pH 8.5.
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fluoride concentration was below the level measured without
fluoride, indicating greater fluoride binding affinity of the
PPi-free enzyme compared to the enzyme‚PPi complex. The
dependencies offepp on [F] at equilibrium can be fit with eq
7, yielding the dissociation constantsKF1 andKF2, governing
fluoride binding to PPi-free enzyme and the enzyme‚PPi

complex, respectively; as well asfepp,0, the value offepp in
the absence of fluoride (Table 3). Equation 7 assumes that
the enzyme‚PPi complex binds one and the PPi-free enzyme
binds two F- ions; otherwise, a bell-shapedfeppprofile, such
as seen in Figure 8, would not be obtained. Sequestration of
fluoride by its binding with the enzyme was taken into
account when fitting eq 7 to the data in Figure 8.

F- inhibition of E-PPase during PPi hydrolysis was
attained rapidly at both pH 7.2 and pH 8.5, confirming earlier
data (19, 20). The inhibition was observed at relatively low
fluoride concentrations, and the dependence of activity on
[F] was hyperbolic (Figure 9), indicating binding of only
one F- ion. These features of the inhibition suggest that
fluoride mainly binds to an enzyme‚PPi species. The value
of the inhibition constantKI, estimated from the data in
Figure 9 with an equation similar to eq 1 withn ) 1 but
usingKI instead ofKF1, was less by a factor of 11 at pH 7.2
and by 51 at pH 8.5 than the corresponding value ofKF2

obtained from the effect onfepp (Table 3).

DISCUSSION

Kinetic Scheme of Inhibition.Earlier studies have estab-
lished that fluoride inhibition of PPi hydrolysis by yeast and

rat liver PPases occurs in two phasessfast and slow, and
that a PPi molecule is trapped in the active site in the slow
phase (13, 14). It was suggested that the two phases reflect
fluoride binding to the enzyme‚PPi intermediate and isomer-
ization of the resulting ternary complex, respectively. The
results of the present study provide a different explanation
of the unusual time-course of inhibition, as shown in Scheme
3. Its salient feature is that the slow and the fast phases of
the inhibition are bimolecular binding reactions involving
different enzyme speciessenzyme‚PPi and enzyme‚Pi com-
plexes, respectively. Furthermore, Scheme 3 differs from
Scheme 1 in having two enzyme‚PPi intermediates (one of
these can be protonated).

Slow binding of fluoride to the enzyme‚PPi complex is
indicated by its accumulation in the reaction medium in the
presence of Mg-PPi (17) or Mg-Pi (Figure 5). In contrast,
the amount of the enzyme‚PPi complex isdecreasedduring
the fast phase of the interaction with fluoride in the Mg-Pi

system (Figure 5). This can only happen if fluoride binds to
an enzyme species lacking bound PPi, and thus decreases
the amount of enzyme available to form the PPi complex.
There are three such species in Scheme 3: EM2, EMn+2P2,
and EMn+1P. From the Michaelis constant of 0.8µM for
PPi, the dissociation constants governing successive binding
of two MgPi molecules to Y-PPase (0.62 and 2.7 mM;34),
and the equilibrium constant [EMn+2P2]/([EM n+2PP*] +
[HEMn+2PP*]) ) 4.65 (33), one can calculate that EM2
accounts for<2% of the total enzyme under the conditions
used for Figures 1A and 5. Keeping in mind the rather low
affinity of EM2 for F- (Kd ∼ 3 mM; 13), one can thus
conclude that EM2 does not contribute significantly to the
observed fluoride binding. Furthermore, considering that a
10-fold change in Pi concentration at pH 7.2 had only a small
effect onKF1 (Table 1), it is more likely that EMn+1P, and
not EMn+2P2, binds fluoride during the fast phase of
inhibition. From the values of the MgPi binding constants
listed above, one can calculate that the fraction of EMn+2P2

decreases from 59 to 11% and that of EMn+1P increases from
26 to 47% when the Pi concentration is decreased from 20
to 2 mM. The effect of Pi concentration onKF1 thus correlates

FIGURE 8: Equilibrium value offepp for E. coli PPase as a function
of fluoride concentration at two pH values. The lines were obtained
with eq 7, using parameter values found in Table 3.

Table 3: Parameters for Fluoride Binding toE. coli PPase

enzyme-bound PPi formation inhibition of hydrolysis

pH KF1 (mM2) KF2 (mM) fepp,0 KI (µM)

7.2 3.2( 0.2 0.16( 0.01 0.19( 0.01 15( 1
8.5 0.50( 0.05 1.9( 0.2 0.086( 0.003 37( 1

fepp) 1

1 +
(1/fepp,0- 1)(1 + [F]2/KF1)

1 + [F]/KF2

(7)

FIGURE 9: Fluoride inhibition ofE. coli PPase at two pH values.
At each pH value, 100% refers to the activity measured in the
absence of fluoride. The lines were obtained with eq 1, in which
KF1 was replaced byKI, usingn ) 1 and parameter values found
in Table 3.
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better with its effect on the amount of EMn+1P, although
the possibility that EMn+1P2 also has some affinity for
fluoride cannot be excluded.

During the fast phase, two fluoride ions are bound to
Y-PPase in the presence of Pi, but only one is bound in the
presence of PPi. This could result if the second F- ion is
inhibitory in PPi synthesis but not in PPi hydrolysis, and this
explanation is consistent withks andkh being controlled by
different rate constants (Scheme 3). Another possibility is
that the time needed for the second F- ion to bind is greater
than the lifetime of the EMn+1P species (which is in the
millisecond range) in the hydrolysis reaction. That the “fast”
phase is not extremely fast is indicated by the fact that its
time course is clearly resolved at pH 8.5 (Figure 5).

The data measured for E-PPase are also consistent with
Scheme 3. Fluoride addition to E-PPase preequilibrated with
MgPi at pH 8.5 (Figure 7) results in a rapid rise infepp

(fluoride binding to an enzyme‚PPi complex) followed by
its slow decline (fluoride binding to an enzyme species
lacking bound PPi, presumably an enzyme‚Pi complex). The
two enzymes differ in that the enzyme‚PPi species binds
fluoride slowly in Y-PPase (Figure 5) and rapidly in E-PPase
(Figure 7). In contrast, the enzyme‚Pi species behave
similarly in the two PPases: they bind instantly at pH 7.2
and with a measurable rate at pH 8.5 (Figures 5 and 7). As
with Y-PPase, the E-PPase enzyme‚Pi species binds more
F- ions than the enzyme‚PPi species; otherwise the equilib-
rium levels offepp, rather than passing through a maximum
(Figure 8), would monotonically increase or decrease with
[F], depending on the relative affinities of the enzyme‚PPi

and enzyme‚Pi species.
A Second Enzyme‚PPi Intermediate.Perhaps the most

important finding of the present study is that the enzyme‚
PPi complexes formed in the Mg-Pi and Mg-PPi systems
display different reactivity toward fluoride. The true rate

constant for fluoride binding to this species in the Mg-Pi

system (ki,app/fepp
fast) is 0.32-0.57 mM-1‚min-1 at pH 7.2 (the

upper limit was obtained from theki,app value derived from
enzyme inactivation) and<0.02 mM-1‚min-1 at pH 8.5
(Table 2). The corresponding rate constant in the Mg-PPi

system is given byki,0/ fepp,ss, wherefepp,ssis the fraction of
the enzyme containing bound PPi during steady-state hy-
drolysis. Asfepp,ssis less than unity,ki,0/ fepp,ssis greater than
ki,0, i.e., 2.7 and 0.94 mM-1‚min-1 at pH 7.2 and 8.5,
respectively (Table 1). For E-PPase, the apparent affinities
of the enzyme‚PPi complexes to fluoride measured in the
Mg-Pi and Mg-PPi systems differ 11-fold at pH 7.2 and
51-fold at pH 8.5, whereas theamountsof these complexes
differ in the two systems less than 5.3-fold and 12-fold,
respectively (these upper limits were estimated assuming
fepp,ss) 1) (Table 3).

The only explanation for this apparent discrepancy is that
there are at least two enzyme‚PPi intermediates reacting with
fluoride with substantially different rates and/or affinities (we
assumed that one does not react at all) and that the fraction
of the more reactive intermediate in the total pool of the
enzyme‚PPi intermediates is greater during steady-state
hydrolysis than at equilibrium with Pi. The steady-state
concentration of each intermediate in a reaction involving
several consecutive steps, like that shown in Scheme 3, is
less than predicted by its equilibrium with thepreceding
intermediate. Therefore, only EMn+2PP* (together with its
protonated form HEMn+2PP*) can be present at a concentra-
tion exceeding that required by the equilibrium governed by
KAB ) kA/kB during steady-state hydrolysis. This idenifies
this intermediate as the target for fluoride in the slow phase,
and the pH-dependence shown in Figure 6 suggests that
HEMn+2PP* is the major binding species at pH<7. EMn+2-
PP* may also bind fluoride if the limiting value ofki,app/
fepp

fast at high pH in Figure 6 (0.17 mM-1‚min-1) refers to

Scheme 3: PPi-Pi Equilibration by Y-PPase and Its Inhibition by Fluoridea

a The fluoride complex of EMn+1P corresponds to the complex formed in the Mg-Pi system. Values for the rate constants andKF are for pH 7.2;
values ofk3-k6 are from Baykov and Shestakov (33).
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this species, but this value may also refer to EMn+2PP.
Equilibrium between EMn+2PP* and HEMn+2PP* appears
to be always attained because this conversion is not on the
main reaction route. Independent support for Scheme 3
comes from recent pre-steady-state measurements of PPi

hydrolysis by Y-PPase, which also indicated two enzyme‚
PPi intermediates (Halonen et al., manuscript in preparation).

Rate and Equilibrium Constants for Scheme 3.The
observation of a second enzyme‚PPi intermediate has im-
portant consequences for the determination of the rate
constants for the individual catalytic steps of PPase catalysis.
The currently used procedure (28) was formulated for
Scheme 1 which has only one such intermediate. This
procedure relies heavily on measurements of [18O]Pi-[16O]-
H2O oxygen exchange and enzyme-bound PPi formation, and
starts fromk3 calculation. Oxygen exchange measurements
yield two important parameters: the rate of the exchange
(Vex/[E]t) and the partition coefficient,Pc ) k4/(k4 + k5),
which is calculated from the distribution of five Pi species
having from zero to four18O atoms during the exchange (35).
For Scheme 3, the expressions forVex/[E]t (36) and fepp are
given by eqs 8 and 9:

whereΣ ) 1 + (K3K5/[MP] + K3K5K7/[MP]2)/(1 + K3 +
1/KAB), K3 ) k3/k4, K5 ) k5/k6, K7 ) k7/k8, andKAB ) [EMn+2-
PP]/([EMn+2PP*] + [HEMn+2PP*]). From eqs 8 and 9 and
the expression forPc, eq 10 can be derived, which differs
from the equation previously used to estimatek3 (28) by
having a (1+ 1/KAB) term in the numerator. Knowledge of
KAB is thus required fork3 determination.

In contrast, values ofk4 andk5 can be estimated without
knowingKAB. The value ofk4 is equal tok3/K3, whereK3 is
obtained fromfepp

lim, the limiting value offeppat infinite [MP]
(Σ ) 1 in eq 9), as (1/fepp

lim -1)(1 + 1/KAB). From this and
eq 10, one gets eq 11 fork4. This, in turn, allows calculation
of k5 from Pc. Finally, k6 is calculated ask5/K5, whereK5 is
obtained from the saturation functionΣ for Vex/[E]t (eq 8) or
fepp (eq 9). Up to this point, all the calculations employed
only parameter values measured under equilibrium condi-
tions. Values ofk7 (and hencek8) cannot be calculated from
measuredkh, as was done previously (32), becausekh will
also depend onkA andkB (eq 12); the same applies to the
calculations ofk1 from kh/Km,h and ofk2 from ks (see eqs 13
and 14, respectively). In eqs 12 and 13,kA and k2 are the
apparent rate constants referring to the sum of EMn+2PP*
and HEMn+2PP*. Equations 12-14 were derived using the
method of net rate constants (37, 38).

Thus, in summary, the previous estimates ofk4 (222-350
s-1), k5 (740-800 s-1), and k6 (1.64 × 105 to 3 × 105

M-1‚s-1) (32, 33) are true, and the estimate ofk3 (1070-
1400 s-1) is true provided thatKAB . 1, but the previous
estimates ofk1, k2, k7, andk8 need to be reconsidered.

The estimation of the latter four constants, as well as
estimation ofkA and kB, requires additional information,
which can be extracted from the fluoride inhibition data. We
will illustrate this by making calculations for Y-PPase using
the data previously collected at pH 7.2, 5 mM Mg2+, and
0.1 M ionic strength (33), i.e., under conditions used in this
work. In the presence of 2 mM NaF at pH 7.2, the fraction
of HEMn+2PP* in the total pool of the enzyme‚PPi complexes
at equilibrium with Pi in solution can be calculated as (0.32
- 0.17)/(10- 0.17) ) 0.0153, where 0.32 is the value of
ki,app/fepp

fast at pH 7.2 (Table 2), and 10 and 0.17 are the
limiting values of ki,app/fepp

fast at low and high pH values
(Figure 6). Since the total fraction of enzyme‚PPi complexes
is 0.053 under these conditions (seefepp

fast in Table 2), the
contribution of HEMn+2PP* will be 0.0153× 0.053 )
0.00081. The value ofki,0 in hydrolysis (2.7 mM-1‚min-1)
is greater by a factor of 159 thanki,app at equilibrium with Pi
(0.017 mM-1‚min-1); hence, the fraction of HEMn+2PP* is
0.00081× 159) 0.129 in hydrolysis. The fraction of EMn+2-
PP* cannot then exceed 1- 0.129) 0.871, and, accordingly,
the ratio [EMn+2PP*]/[HEMn+2PP*] must be smaller than
0.871/0.126) 6.75. The latter estimate is also applicable to
the Mg2+-Pi system, leading to [EMn+2PP*]/[E]t < 0.00081
× 6.75) 0.0055 and, accordingly, [EMn+2PP]/[E]t < 0.053
- 0.00081- 0.0055) 0.0467. Therefore, the lower and
upper limits ofKAB ) [EMn+2PP]/([HEMn+2PP*] + [EMn+2-
PP*]) are 7.4 ([HEMn+2PP*]/[E]t ) 0.00081, [EMn+2PP*]/
[E]t ) 0.0055) and 65 ([HEMn+2PP*]/[E]t ) 0.00081,
[EMn+2PP*]/[E]t ) 0), respectively. AllowingKAB to change
stepwise between these limits and using the previous
estimates ofk3 (1400 s-1), k4 (350 s-1), and k5 (800 s-1)
together with the measured value ofPc (0.35) (33), we found
pairs of kA and k7 values simultaneously yieldingkh, the
catalytic constant for hydrolysis, of 259 s-1 and [HEMn+2-
PP*]/[E]t of 0.129 at eachKAB value for Scheme 3. These
simulations were done with the program Berkeley Madonna
of R. I. Macey and G. F. Oster (available at www.berke-
leymadonna.com). Finally,k2 values corresponding to each
pair of kA andk7 values were obtained with eq 13, usingks,
the catalytic constant for synthesis, of 4.2 s-1 (33), and the
correspondingk1 values were obtained with eq 13. AtKAB

< 25, negative values ofk2 were obtained, narrowing the
permissibleKAB range to 25-65. The values of all parameters
obtained in this way are summarized in Scheme 3. The values
of k1 and k6 are given in terms of total PPi and MgPi

concentrations, respectively. Where ranges of parameters are
shown, the first value is forKAB ) 25 and the second for

Vex

[E]t

)
k5K3Pc

(1 + K3 + 1/KAB)(1 - 0.75Pc)Σ
(8)

fepp)
1 + 1/KAB

(1 + K3 + 1/KAB)Σ
(9)

k3 )
Vex(1 - 0.75Pc)(1 + 1/KAB)

fepp(1 - Pc)[E]t

(10)

k4 )
Vex(1 - 0.75Pc)

fepp(1 - Pc)(1/fepp
lim - 1)[E]t

(11)

1
kh

) 1
kA

+
1 + 1/KAB

k3(1 - Pc)
+ 1

k5
+ 1

k7
(12)

kh

Km,h
)

k1kA

k2[1 + kB/k3(1 - Pc)]
(13)

1
ks

)
1 + KAB + KABK3

k2
+

1 + K3

kB
+ 1

k4
(14)
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KAB ) 65. All the parameters changed monotonically within
their ranges. FromKAB > 25, one could calculate ([HEMn+2-
PP*] + [EMn+2PP*])/[E]t to be<0.00204 [0.053/(25+ 1)]
and, hence, [EMn+2PP*]/[E]t < 0.00125 at equilibrium with
Pi, setting the lower limit of pKES* at 7.0.

The value for the dissociation constantKF ) 0.17-0.42
mM2 for the difluoride complex of EMn+1P in Scheme 3
was obtained by multiplying the value ofKF1 by the fraction
of enzyme present as EMn+1P at equilibrium with Pi (0.26;
see above). In the hydrolysis reaction, only one fluoride ion
is bound, and the dissociation constant of 0.19-0.62 mM
for the resulting complex can be calculated from the value
of KF1 (Table 1) and the fraction of enzyme present as
EMn+1P during steady-state hydrolysis (0.081-0.27, as
obtained in the simulations). For comparison, the dissociation
constant for the monofluoride complex of HEMn+2PP*
(kr/ki) is only 1.6µM.

The values of the parameters obtained allow the following
conclusions to be made: (a) Values ofkA, k3, k5, andk7 are
similar, which means that the concentrations of the reaction
intermediates present during hydrolysis are nearly equal. This
distinguishes PPase as a highly efficient catalyst. (b)
Consistent with this, the value ofkh/Km,h (3.8× 108 M-1‚s-1)
is greater than for any of the most efficient enzymes recently
tabulated by Fersht (38). (c) In the direction of synthesis,
thekB step is exclusively rate-limiting at saturating magne-
sium phosphate concentration. Accordingly, the asterisked
species are present in only small amounts (1-3% of the total
enzyme), and the ratio of the dominant species, [EMn+2P2]/
[EMn+2PP], is very close toKAB.
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