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Fluoride Effects along the Reaction Pathway of Pyrophosphatase: Evidence for a
Second Enzym@yrophosphate Intermediate
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ABSTRACT. The fluoride ion is a potent and specific inhibitor of cytoplasmic pyrophosphatase (PPase).
Fluoride action on yeast PPase during R¥Arolysis involves rapid and slow phases, the latter being
only slowly reversible [Smirnova, I. N., and Baykov, A. A. (19&pkhimiya 48 1643-1653]. A similar
behavior is observed during yeast PPase catalyzedyPEhesis. The amount of enzyr®@® complex
formed from solution Pexhibits 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 effyinéermediate
during the slow phase and to an enzyReantermediate during the rapid phase of the inhibition. In
Escherichia coliPPase, the enzynfeR intermediate binds F rapidly, explaining the lack of time
dependence in the inhibition of this enzyme. The enz@Rantermediate formed during PRydrolysis

binds fluoride much faster (yeast PPase) or tigherdpli PPase) than the similar complex existing at
equilibrium with R. It is concluded that PPase catalysis involves two enzpmRéntermediates, of which

only one (immediately following PRddition and predominating at acidic pH) can bind fluoride. Simulation
experiments have indicated that interconversion of the enZymtermediates 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 transferScheme 1: PP-P; Equilibration by PPage
from pquphosprr:at_es to hWaFer aref fun_damenta! to celll EMy=<—=EM,,o,PP == EM,,,oPp <= EM,,,;P <—=EM,
energetics, yet their mechanisms of action remain poorly __ B B B _
understood. This enzyme group includes inorganic pyro- E= enzyme, M= Mg, PP=PR, P=R,n=1or2.
phosphatase (EC 3.6.1.1; PPasehich hydrolyzes pyro- PPase is one of a few enzymes inhibited at micromolar
phosphate (RPto orthophosphate (P providing a thermo-  fluoride concentrations10—12). The action of fluoride on
dynamic pull for biosynthetic reactiond)( The two best  Y-PPase13), rat liver PPaseld), and the D67N variant of
studied PPases are those fr@accharomyces cerisiae E. coli PPase 19) is biphasic: an instant (half-time'l s)
(Y-PPase) andEscherichia coli(E-PPase)4, 3). Both of decrease in activity upon addition of fluoride to functioning
these enzymes require divalent metal ions for catalysis, with €nzyme is followed by a slower decline in the remaining
Mg?* conferring the highest activity}], and are active with ~ activity on a time-scale of seconds or minutes, depending
either three or four magnesium ions per active sie7?). on inhibitor concentration. Fluoride is thus simultaneously

The currently accepted kinetic scheme of PPase catalysis? rapidly reversible and a tight, slowly binding inhibitor,
involves substrate (MgRBr Mg,PPR) binding to a preformed  according to the nomenclature of Morrisson and Wals). (
enzymeMg?+ complex, P-O bond breakdown by direct In the slow phase, one PRolecule, two M@* ions, and
attack of water §), and stepwise dissociation of two oOne F ion become trapped in PPask7). This inactive
phosphate molecules (Scheme 1). All the steps shown incomplex, which can be isolated by gel filtration, decays,
Scheme 1 are readily reversible, allowing formation of regenerating active enzyme with a half-time-et h at 25
appreciab|e amounts of enzyme-boundmﬂn+2ppl) from °C (18) Although fluoride can bind to Y-PPase in the
enzyme and fand explaining the rapid exchange of oxygen absence of substrate, such binding is characterized by only
between O]P, and [fO]water catalyzed by PPas@)( moderate affinity Ky ~ 3 mM) and is rapidly reversiblelg).
Fluoride and PPthus mutually stimulate their binding to
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Research (Grants 97-04-48487, 00-04-48310, and 00-15-97907) andby F~, but the inhibition is of a rapidly reversible typ&q,
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as on the enzymPR intermediate in both reactions. The
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Scheme 2: PPase Inactivation by Fluoride in the Course of

results of these studies indicate the occurrence of two typesPR Hydrolysis

of enzymePR 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

EnzymesExpression and purification of Y-PPase was
carried out as described by Heikinheimo et &l1)( using
the overproducing. coli XL2blue® strain transformed with
a vector including the coding region of ye@2Agene under
the tac promoter. Enzyme concentration was calculated on
the basis of the subunit molecular mass of 32 kR23) (
consideringA!*,50 equal to 14.54), or by the Bradford assay

(23). Wild-type E-PPase was obtained as described by

Salminen et al.Z4) and quantified usiné!*,g,equal to 11.8
(25). Stock enzyme solutions were made in 0.1 M Tris/HCI
buffer (pH 7.2) containing 1 mM MgGland 50uM EGTA.
Methods.PR hydrolysis was assayed by continuously
recording Rliberation with an automaticiRnalyzer 26).
For use in the inhibition studies, the inlet system of the
analyzer was modified to decrease its dead-timé s as
described previouslyl@, 14. Measurements were carried
out at constant concentrations of the substrateN®y(0.2
mM) and free M§" (5 mM). Enzyme concentration was

different inhibitor concentrations.

PR synthesis was assayed continuously by an enzyme-

coupled procedure?(), using ATP-sulfurylase to convert
the synthesized RPihto ATP, and using luciferase to monitor
ATP formation. The assay mixture contained 20 mM
potassium phosphate, 5 mM free WMg5 ul 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), 1@M adenosine 5phosphosulfate, 1
mM dithiothreitol, 1 mg/mL bovine serum albumin, and
buffer in a total volume of 0.2 mL. The reaction was initiated

Einactive

Eactive + F

/'

Elactive

volumes of 100 mM potassium phosphate, 100 mM MgCl
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
Mg?t-acetate complex formation. All experiments were
performed at 25C.

Data Analysis and CalculationsThe time course of
Y-PPase inactivation during enzymatic reaction is described
by Scheme 2, which implies two modes of fluoride binding
rapid (not resolved in time) binding, leading to partially
active enzyme (Ecive), and slow binding, leading to com-
pletely inactive enzyme (&cive). F is fluoride, Kg; is the
dissociation constant governing the rapid binding step, and
kio andk. are the forward second-order and the backward
first-order rate constants governing the slow binding step,

adjusted in order to get comparable absorbance values a{espectlvely.

At zero time, only Eciveand Eacive @re present. The initial
velocity of PR hydrolysis in the presence of fluoride is given
by eq 1, whereyy, and o'y are initial velocities at zero and
infinite fluoride concentration, i.e., under conditions when
all the enzyme is present asclke Or Eacive respectively,
andn = 1. The apparent rate constant for slow fluoride
binding, defined aﬂxi,app = ki,O[Eactive]/([Eactivd + [E'activé),
is given by eq 2 witm = 1. The time-course ofjRormation
at fixed fluoride concentration is given by egs 3 and 4, where
o is the relative residual activity(= {[Eactivd + 2'o[Eactivd/
vo] H[E]y). For fitting of eqs 3 and 4, each product formation
curve was represented by-9200 pairs of [P] and values.

by adding PPase, and the time-course of luminescence Wasrhe cajculated and measured curves agreed within 3%. Al
followed with an LKB model 1250 luminometer. Care was fittings were carried out with the program SCIENTIST

taken to ensure that the ATP-sulfurylase concentration Was\jicroMath).

sufficiently high, so that BRonversion into ATP proceeded
at least 20 times faster thanP&mation. 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 RRormation at equilibrium was described
previously @8).

MgF* formation Kq = 48 mM; 29) was taken into account
when calculating total MgGland free F concentrations in
the assays. To avoid MgRormation 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,
100uM EGTA (pH 4.8); 63 mM MES/KOH, 37 mM KCI,
100 uM EGTA (pH 5.5); 40 mM PIPES/KOH, 10&M
EGTA (pH 6.3); 83 mM TES/KOH, 17 mM KCI, 5aM
EGTA (pH 7.2); 90 mM TAPS/KOH, %M EGTA (pH 8.5).
The media used in the incubations with(8/nthesis of free
and enzyme-bound PRvere prepared by mixing appropriate

S 1
Yoap™ YO IFK @)
B k.o
Kan ™ 1 1 [FI"/Kp, @)
d[P
% = UO,aprp* (3)
98— (1 ) ~ K oyFlo @

RESULTS

Inhibition of Y-PPase-Catalyzed PRHydrolysis and
SynthesisFigure 1 compares the effects of fluoride on the
product formation curves in the two directions of thg PP
2R equilibration by Y-PPase. In both directions, fluoride
markedly decreased the initial velocity, with the effect on
PR synthesis being larger than onR®drolysis at equal
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Table 1: Parameters for Fluoride Inhibition of Y-PPase

source substrate  pH ko (MM~tmin~1) k- (min~1%) Kgi© Krz (MM)d Vo'l vo
inhibition of PR hydrolysis PP(0.32) 7.2 2.+ 0.3 <0.03 2.3+ 0.2 <0.011 0.05t 0.01
8.5 0.94+ 0.03 <0.03 6.4+ 0.2 <0.032 <0.02
inhibition of PR synthesis R(20) 7.2 1.6+ 0.2
inactivation in equilibrated P (20) 7.2 0.214+0.02 0.012+ 0.002 0.65+ 0.07 0.058
PR = 2R system R (2) 7.2 0.023+ 0.004 0.012 0.9+ 0.3

aMeasured at 5 mM free Mg. P Value in parentheses refers to total substrate concentration in millimoles pef Titez.units forkr; are mM
(inhibition of PR hydrolysis) or mM (in all other cases) Ke, = k/kio. € Constrained at this value in the calculations.
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Ficure 1: Effects of NaF on the progress curves for RRIrolysis
(A) and PR synthesis (B) catalyzed by Y-PPase at pH 7.2. One
unit of luminescence corresponds toyM PR at zero time
(luciferase fully active). NaF concentrations (mM) are indicated
on the curves. Curves were normalized to 1.25 nM enzyme

concentration.

ki’app Or Vo ap/[E]; (% of maximal)

VD,app/[ E] i Sy n

4 6 8
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Ficure 2: Dependence onFconcentration of they appandki app
values derived from the progress curves of BRfdrolysis and

synthesis by Y-PPase at pH 7.2. Lines were obtained with eqs 1

and 2 using parameter values found in Table 1 andnthalues
indicated below. Open circlesy app for PR hydrolysis (1 = 1);
triangles, vo app for PR synthesis if = 2); filled circles, ki app for

PR hydrolysis o = 1).

(Figure 1A) obeyed egs 1 and 2, respectively, with very
similar Kg; 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 eqs4,

and are listed in Table 1. At the higher pH value the
inhibition of PR hydrolysis is weaker in terms of bot,
andKg;, andw’ is smaller.

In the synthesis reaction, only app values, but Nnok; 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
vo,app Versus [F] profile could be described only poorly by
eqg 1 withn = 1, and necessitated the usencf 2, indicating
that two fluoride ions are bound. The general form of the
denominator of eq 1 in this case istla[F] + b[F]? 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 ;PStrong
support for the binding of two Fions to Y-PPase was
obtained by measuring Y-PPase inactivation in the equili-
brated PP= P, system (Figure 3). In these experiments,
Y-PPase was incubated with fluoride, Bnd Md" in the
absence of the enzyme-coupled system used isyPEhesis
measurements. At the high enzyme concentration used, the
PR = P, 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 ky,, was measured. The
final value of a, corresponding to equilibrium between
enzyme and F[oeq= 1/(1 + ki apdF1/k)], exhibited a bell-
shaped dependence on [F] (Figure 3, inset). In contrast, eq
2 predicts a monotonical change iRq 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 whichwas set to 2. The
value ofKg; estimated by this fitting (Table 1) agrees with

fluoride concentrations (Figure 2). In contrast, the slow phasethe value derived from the analysis of iP&ynthesis in
of PPase inactivation during enzymatic reaction was much solution.

slower in the synthesis reaction, as indicated by the straighter

An identical analysis of fluoride inhibition was performed

product formation curves at equal fluoride concentrations at 2 mM R concentration (data not shown). The results were

(Figure 1).

The dependence @b appandki app 0N inhibitor concentra-
tion estimated from RFhydrolysis data with eqs 3 and 4

qualitatively similar, but the maximum degree of inhibition
(observed again at 1 mM fluoride) was only 50%. This
resulted from a 9-fold decreasekin. Significantly, the value



11942 Biochemistry, Vol. 39, No. 39, 2000

Baykov et al.

Table 2: pH Dependence of Y-PPase Inactivation and Enzyme-BounBdPRation in the Presence of Fluoride

inactivatior? enzyme-bound RRormatiorf

pH  [MgZT(mM)  [P](MmM)  Kapp(MM~-min~") ke (min™) Kiapp (MM~1-min™?) feppo fepg®!
4.8 40 40 0.07@: 0.004 0.01Gt 0.001 0.08H 0.003 0.01Gt 0.002 0.0085+ 0.0024
5.5 20 20 0.064+ 0.011 0.0087 0.003 0.07Gt 0.004 0.043+ 0.003 0.018+ 0.004
6.3 20 20 0.15% 0.010 0.015+ 0.002 0.105+ 0.013 0.193+ 0.006 0.074+ 0.015
7.2 5 20 0.03@t 0.002 0.016+ 0.003 0.01A 0.001 0.16+ 0.02 0.053+ 0.005
8.5 5 10 <0.0002 0.153+ 0.007 0.01H- 0.002

0.9+ 0.2y (0.0634 0.006})

2NaF concentration was 1 mM (pH 4.8) or 2 mM (other pH valu®arameters obtained with eq4Parameters, except fly,p o Obtained

with egs 5 and 69 Determined from the time course &f;, decline.
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Ficure 3: Time-courses of Y-PPase inactivation during incubation
with NaF in the presence of 5 mM free Kfgand 20 mM total P

at pH 7.2. NaF concentrations (mM) are indicated on the curves.
The reaction was carried out at 28 in a total volume of 7Q:L

at 3.6 uM enzyme concentration. Aliquots of-22 ulL were
withdrawn at the indicated time intervals, and the residual activity
of PPase was measured in medium containing 1 miMi®2 mM
MgCl,, 10uM EGTA, and 0.05 M Tris-HCI, pH 8.5. Lines were
obtained with egqs 2n(= 2) and 4 using parameter values found in
Table 1. Inset: the residual activity of Y-PPase at infinite time
(0eq) as a function of F concentration.

of Kg1 was only slightly changed between 2 and 20 mM P
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 Fbecause of MgFformation during the
incubation, to the extent that its solubility product (9
M3; 30) was exceeded at2 mM F . However, earlier
measurements done with an Rigsensitive electrode indi-
cated that Mgkis formed quite slowly on the time scale of
the assays3l). 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 ofki.p Was pH-dependent (Table 2). No
inactivation was observed at pH 8.5, indicating a value of
ki,app ClOse to zero, because the valuekpfmeasured in BP

140 A
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100 -

03]
o
L

[e2]
o
1

Residual activity (s™)

EN
o
1

20 A

L T

120 150 180

Time (min)
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Ficure 4: Controls demonstrating no fluoride ion sequestration
because of Mgfprecipitation 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 egs 2 6 = 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.

hydrolysis) is not changed between pH 7.2 and &8 81;
see also Table 1). The data in Table 2 show thaémains
virtually constant down to pH 4.8.

Effect on Enzyme-Bound PIFFormation by Y-PPase
About one-sixth of Y-PPase equilibrated with 20 mivaRd
5 mM Mg?" contained enzyme-bound P& both pH 7.2
and pH 8.5 (Figure 5), in agreement with published d8ta (
14, 32). Addition of fluoride caused an instant (half-time
<12 s) drop in the amount of the enzyrR& complex {epy
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 ifyp, was larger at
higher [F]. In contrast, no rise ifyy, (<0.005 in 100 min)
was observed at pH 8.5. Moreover, the initial drop clearly
occurred in two steps: an instant (half-timmd2 s) decrease
to 0.079+ 0.015 and a slower (half-time of 2& 5 s)
decrease to 0.01% 0.002 (Figure 5, inset). The time-
dependent rise ifipp at pH <7.2 can be approximated by
egs 5 and 6, wherk, ! refers to the fraction of enzyme
PR complex after completion of the fast phase of the
interaction with F (i.e., the zero-time point for the slow
phase) andeps is the fraction of enzym®R complex
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FIGURE 5: Time-courses ofgp, upon addition of NaF to Y-PPase
(0.13-0.16 mM) preequilibrated with 5 mM free Mgand 20 mM

total R. Values of pH and NaF concentrations are indicated on the

curves. The reaction was carried out at°®5in a total volume of
230uL. Aliquots of 20uL were withdrawn at the indicated time
intervals, quenched with 4L of 5 M trifluoroacetic acid, and
assayed for PPThe lines showing increase fg,, were calculated
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FiGure 7: Time-courses ofp, upon addition of 2 mM NaF té.

coli PPase (36140 uM) preequilibrated with 5 mM free Mg

and 20 mM total P(pH 7.2) or 10 mM total P(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.

with egs 5 and 6 using parameter values found in Table 2. Inset; 9.4 + 0.2 and Iimiting Vglues Oki,am{feppfaSI of O-_l?i 0-94
same data on a different time scale. The line for pH 8.5 was obtainedand 10+ 2 mM~*-min~* in the alkaline and acidic regions,

with the equation:fepp = fepd®t+ (fepp™ — fepfes)e v, wherefgp 2t
= 0.012,fopd™ = 0.079, anck = 1.8 min L,

kiyapp/feppf“t (mM ™ min™)

FIGURE 6: pH-dependence df ap/fepi**! calculated from the data
on EPR formation shown in Table 2. See text for details.

accumulated at timeduring the slow phase. The values of
ki,app @nd fepd2st thus obtained are summarized in Table 2.
Values ofk. were too small to be estimated in this way and

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 bydiring
Hydrolysis at pH 8.5At pH 7.2, the slow phase of Y-PPase
inactivation in both hydrolysisi(7) and synthesis (see above)
corresponds to Fhinding to the enzym®R complex. No
slow inhibition phase was observed at pH 8.5 in the presence
of P;; moreover, a slow binding of Fto an enzyme?,
intermediate was detected (Figure 5, inset), presenting the
possibility that this binding is responsible for the slow
inactivation of Y-PPase during PRydrolysis at pH 8.5
(Table 1). This was tested by measuring the &tent of
Y-PPase inactivated at pH 8.5 in the presence of Rifter
a 3 min incubation of 6.&M enzyme with 1 mM PPn the
presence of 5 mM MgG]| the PR concentration dropped to
its equilibrium value of 0.6(M, consistent with high catalytic
activity of Y-PPase. If, however, 10 mM NaF was present
during this incubation, the concentration of the remaining
PR was significantly higher (2.2M), 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 PRvel (to 2.2uM). These data show that
F~ mediated the incorporation of 1:6M PR into Y-PPase,
which corresponds to 25% of the total enzyme. The latter

were thus constrained to the values determined above fromyalue correlates with the degree of enzyme inactivation. Thus,

PPase inactivation (Table 2).

feppz feppSIOW 4 feppfast(l _ feppSIO (5)
d slow
e — | |
(Dj[; = ki,ap;{F ](1 - fepps OW) - kr feppS o (6)

The slow rise infepp Clearly reflects fluoride binding to
enzymePR complex, the true rate constant for this reaction
being ki apifeps®t Its pH-dependence (Figure 6) can be
described by a curve for a single ionization with l&,f

the slow inactivation of Y-PPase during hydrolysis results
from fluoride binding to the enzymBR complex at both
pH 7.2 and pH 8.5.

Fluoride Effects on E-PPaséddition of NaF to E-PPase
preequilibrated with Rraused a rapid rise (half-timel5 s)
in feppat pH 7.2 and 8.5 (Figure 7), indicating Binding to
an enzymePR complex. At pH 8.5, the rise was followed
by a slower decline, showing that FfiRree enzyme also binds
F~, but at a lower rate. The final equilibrium level &,
exhibited a bell-shaped dependence on fluoride concentration
(Figure 8). At pH 8.5, the final level measured at high
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Ficure 8: Equilibrium value offeppfor 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.
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L

Table 3: Parameters for Fluoride Binding o coli PPase

enzyme-bound RRormation inhibition of hydrolysis

pH Kk (mMz) Ke2 (mM) fepp,O Ki (.MM)
7.2 3.2+0.2 0.16+:0.01 0.1%+ 0.01 15+ 1
8.5 0.50+0.05 1.9+ 0.2 0.086+ 0.003 37+ 1

fluoride concentration was below the level measured without
fluoride, indicating greater fluoride binding affinity of the
PR-free enzyme compared to the enzyi complex. The
dependencies df,, on [F] at equilibrium can be fit with eq

7, yielding the dissociation constarits; andKg,, governing
fluoride binding to PPRfree enzyme and the enzyrRi
complex, respectively; as well dg,pq the value oOffepp in

the absence of fluoride (Table 3). Equation 7 assumes tha
the enzymePR complex binds one and the Pfiree enzyme
binds two F ions; otherwise, a bell-shapég, profile, such

as seen in Figure 8, would not be obtained. Sequestration o
fluoride by its binding with the enzyme was taken into
account when fitting eq 7 to the data in Figure 8.

1
epp,0 1A+ [F]Z/KFl)
1+ [FI/Kg,

fePp

T (7)
1+

F~ inhibition of E-PPase during RFhydrolysis was
attained rapidly at both pH 7.2 and pH 8.5, confirming earlier
data (9, 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 enzymeR species. The value
of the inhibition constankK,, estimated from the data in
Figure 9 with an equation similar to eq 1 with= 1 but
usingK; instead ofKr;, was less by a factor of 11 at pH 7.2
and by 51 at pH 8.5 than the corresponding valu&gf
obtained from the effect ofy,, (Table 3).

DISCUSSION

Kinetic Scheme of InhibitiorEarlier studies have estab-
lished that fluoride inhibition of PRydrolysis by yeast and
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Ficure 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
Ke1 was replaced by, usingn = 1 and parameter values found
in Table 3.

rat liver PPases occurs in two phaséast and slow, and
that a PPmolecule is trapped in the active site in the slow
phase 13, 14. It was suggested that the two phases reflect
fluoride binding to the enzymBER 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 speciegnzymePR and enzymeP, com-
plexes, respectively. Furthermore, Scheme 3 differs from
Scheme 1 in having two enzyriR intermediates (one of
ithese can be protonated).

Slow binding of fluoride to the enzymiéR complex is
indicated by its accumulation in the reaction medium in the
foresence of Mg PR (17) or Mg—P; (Figure 5). In contrast,
the amount of the enzyri@R complex isdecreasediuring
the fast phase of the interaction with fluoride in the VR
system (Figure 5). This can only happen if fluoride binds to
an enzyme species lacking bound;,Péhd thus decreases
the amount of enzyme available to form the; EBmplex.
There are three such species in Scheme 3:;, EBW,+2P>,
and EM,1P. From the Michaelis constant of O/ for
PR, the dissociation constants governing successive binding
of two MgPR, molecules to Y-PPase (0.62 and 2.7 m3d4),
and the equilibrium constant [ENLPJ/([EMn+2PP*] +
[HEM,PP*]) = 4.65 @3), one can calculate that EM
accounts for<2% of the total enzyme under the conditions
used for Figures 1A and 5. Keeping in mind the rather low
affinity of EM, for F~ (Kq ~ 3 mM; 13), one can thus
conclude that EMdoes not contribute significantly to the
observed fluoride binding. Furthermore, considering that a
10-fold change in Fconcentration at pH 7.2 had only a small
effect onKg; (Table 1), it is more likely that EM P, and
not EMnoP,, binds fluoride during the fast phase of
inhibition. From the values of the MgBinding constants
listed above, one can calculate that the fraction of,E@
decreases from 59 to 11% and that of EMP increases from
26 to 47% when theRoncentration is decreased from 20
to 2 mM. The effect of Rconcentration oig; thus correlates
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Scheme 3: PHP Equilibration by Y-PPase and Its Inhibition by Fluoride

EFMp,oPP* | —>
2
EMp.oPP*
K Ka k3 ks k7
EM> ~ Kes [ =<~ EMn+2PP ke EMni2P2 *—_6‘ EMny1P <= EM2
HEM,,,oPP* 1LKF (fast)
krﬂki (SIOW) EFQM,-H_-] Pl —
HEFMy,oPP* |
ki =3.8108 M5 ky=350s" k=10 mM " min
R R .1
ko = 1600-4100 s~ ks=800s" k= 0.016 min

ka = 840-2200 5™
kg =34-33s™
ky=1400s"

ks=310° Mg
k; = 3300-960 s~
pKes=> 7.0

Ke = 0.17-0.42 mM?

@ The fluoride complex of EMi1P corresponds to the complex formed in the-Mg) system. Values for the rate constants &adhre for pH 7.2;

values ofks—ks are from Baykov and Shestako83).

better with its effect on the amount of EMP, although
the possibility that EM:;P, also has some affinity for
fluoride cannot be excluded.

During the fast phase, two fluoride ions are bound to
Y-PPase in the presence qf But only one is bound in the
presence of PBPThis could result if the second Hon is
inhibitory in PR synthesis but not in RRydrolysis, and this
explanation is consistent withh andk, being controlled by
different rate constants (Scheme 3). Another possibility is
that the time needed for the secondién to bind is greater
than the lifetime of the EM.1P species (which is in the
millisecond range) in the hydrolysis reaction. That the “fast”

constant for fluoride binding to this species in the g
system K apd/fepd®) is 0.32-0.57 mM1-min~t at pH 7.2 (the
upper limit was obtained from thig ., value derived from
enzyme inactivation) anc<0.02 mM*-min! at pH 8.5
(Table 2). The corresponding rate constant in the-\3§
system is given b¥ o/ feppss Wherefepp ssis the fraction of
the enzyme containing bound P#uring steady-state hy-
drolysis. Asfepp ssiS less than unityl of fepp,ssiS greater than
kio, i.e., 2.7 and 0.94 mM-min~* at pH 7.2 and 8.5,
respectively (Table 1). For E-PPase, the apparent affinities
of the enzymePR complexes to fluoride measured in the
Mg—P: and Mg—PR systems differ 11-fold at pH 7.2 and

phase is not extremely fast is indicated by the fact that its 51-fold at pH 8.5, whereas tr@mountsof these complexes

time course is clearly resolved at pH 8.5 (Figure 5).

differ in the two systems less than 5.3-fold and 12-fold,

The data measured for E-PPase are also consistent witlrespectively (these upper limits were estimated assuming
Scheme 3. Fluoride addition to E-PPase preequilibrated with feppss= 1) (Table 3).

MgP at pH 8.5 (Figure 7) results in a rapid rise figy
(fluoride binding to an enzymBR complex) followed by

The only explanation for this apparent discrepancy is that
there are at least two enzyr® intermediates reacting with

its slow decline (fluoride binding to an enzyme species fluoride with substantially different rates and/or affinities (we

lacking bound PR presumably an enzyri@ complex). The
two enzymes differ in that the enzyrRR species binds
fluoride slowly in Y-PPase (Figure 5) and rapidly in E-PPase
(Figure 7). In contrast, the enzymie species behave
similarly in the two PPases: they bind instantly at pH 7.2

assumed that one does not react at all) and that the fraction
of the more reactive intermediate in the total pool of the
enzymePR intermediates is greater during steady-state
hydrolysis than at equilibrium with {PThe steady-state
concentration of each intermediate in a reaction involving

and with a measurable rate at pH 8.5 (Figures 5 and 7). Asseveral consecutive steps, like that shown in Scheme 3, is

with Y-PPase, the E-PPase enzymespecies binds more
F~ ions than the enzymER 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 enzyRPB
and enzymeP, species.

A Second EnzymeP, Intermediate.Perhaps the most
important finding of the present study is that the enzyme
PR complexes formed in the MgP, and Mg—PR systems

display different reactivity toward fluoride. The true rate fep]

less than predicted by its equilibrium with tipgeceding
intermediate. Therefore, only EMPP* (together with its
protonated form HEM.,PP*) can be present at a concentra-
tion exceeding that required by the equilibrium governed by
Kas = ka/kg 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
HEM,+,PP* is the major binding species at pt¥. EM,1,-
PP* may also bind fluoride if the limiting value d§ .,/
fast at high pH in Figure 6 (0.17 mit-min™?) refers to
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this species, but this value may also refer to ENP.
Equilibrium between EM;.PP* and HEM.,PP* 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 jof PP
hydrolysis by Y-PPase, which also indicated two enzyme
PR intermediates (Halonen et al., manuscript in preparation).
Rate and Equilibrium Constants for Scheme The
observation of a second enzyrR® intermediate has im-

portant consequences for the determination of the rate

Baykov et al.
1+ 1K
l=i+—m+i+i (12)
Ki Ka ky(1—P) ks k;
k.k
Kn _ 1A (13)

Knn Kol + k/ks(1 — P
1 1+Kygt KABK3+1+K3

ks K, ke

1
+ k_4 (14)

constants for the individual catalytic steps of PPase catalysis.Thus, in summary, the previous estimateskp{222—350

The currently used procedur8) was formulated for
Scheme 1 which has only one such intermediate. This
procedure relies heavily on measurements$%@]P,—['¢0]-

H.O oxygen exchange and enzyme-boungdfénation, and
starts fromks calculation. Oxygen exchange measurements

s 1), ks (740-800 s?), and ks (1.64 x 1P to 3 x 1C°
M~%s™1) (32, 33 are true, and the estimate kf (1070
1400 s?) is true provided thaKag > 1, but the previous
estimates oky, ko, k7, andks need to be reconsidered.

The estimation of the latter four constants, as well as

yield two important parameters: the rate of the exchange estimation ofks and kg, requires additional information,

(ved[E]) and the partition coefficient?. = ki/(ks + ks),

which is calculated from the distribution of fivg Bpecies
having from zero to foutO atoms during the exchanggs).

For Scheme 3, the expressions iey[E]: (36) andfeyp are
given by eqgs 8 and 9:

ﬁ _ k5K3Pc

= 8
E, QK+ Kol _o7d)s O
1+ 1K
feon= (17 K, + 17|<B )= ©
3 AB

whereX = 1 + (KsKs/[MP] + K3KsK#/[MP]9)/(1 + Ks +
1/Kag), Kz = kalks, Ks = ke/ks, K7 = ki/ks, andKag = [EM 12
PPJ/([EMn2PP*] + [HEM+-PP*]). From eqgs 8 and 9 and
the expression foP., eq 10 can be derived, which differs
from the equation previously used to estimée(28) by
having a (1+ 1/Kag) term in the numerator. Knowledge of
Kag is thus required foks determination.

(1~ 0.7PY(L + 1K,g)
- PE, (0

In contrast, values df, andks can be estimated without
knowingKag. The value ok, is equal toks/Ks, whereKs is
obtained fronfe,d™, the limiting value offeppat infinite [MP]
(E=1ineq9), as (Epy™ —1)(1 + 1/Kas). From this and
eq 10, one gets eq 11 f&i. This, in turn, allows calculation
of ks from P,. Finally, ks is calculated a&s/Ks, whereKs is
obtained from the saturation functi@for ve,/[E]: (eq 8) or
fepp (€0 9). Up to this point, all the calculations employed
only parameter values measured under equilibrium condi-
tions. Values ok; (and hencég) cannot be calculated from
measuredk,, as was done previousl?), becausek, will
also depend oy andkg (eq 12); the same applies to the
calculations ok; from ky/Kn, n and ofk, from ks (see eqs 13
and 14, respectively). In eqs 12 and k3,andk, are the
apparent rate constants referring to the sum of,ERP*
and HEM,+,PP*. Equations 1214 were derived using the
method of net rate constant37(, 38.

= uex(l — 0.753() (11)
Y fpdl — PO ™ — DIE],

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 Wgand
0.1 M ionic strength33), i.e., under conditions used in this
work. In the presence of 2 mM NaF at pH 7.2, the fraction
of HEM,+,PP* in the total pool of the enzyrifeR complexes

at equilibrium with Rin solution can be calculated as (0.32
— 0.17)/(10— 0.17)= 0.0153, where 0.32 is the value of
Kiape/fepast @t pH 7.2 (Table 2), and 10 and 0.17 are the
limiting values of ki apd/fepd®t at low and high pH values
(Figure 6). Since the total fraction of enzyrR& complexes

is 0.053 under these conditions (fegtin Table 2), the
contribution of HEMn,PP* will be 0.0153x 0.053 =
0.00081. The value dfio in hydrolysis (2.7 mM-min~?t)

is greater by a factor of 159 thd, at equilibrium with P
(0.017 mMt-min~1); hence, the fraction of HEM,PP* is
0.00081x 159=0.129 in hydrolysis. The fraction of EM,-
PP* cannot then exceed10.129= 0.871, and, accordingly,
the ratio [EM\+2.PP*]/[HEM.,PP*] must be smaller than
0.871/0.126= 6.75. The latter estimate is also applicable to
the Mg?™—P, system, leading to [ElM.PP*]/[E]; < 0.00081

x 6.75= 0.0055 and, accordingly, [EM.PP]/[E} < 0.053

— 0.00081— 0.0055= 0.0467. Therefore, the lower and
upper limits ofKag = [EMn+2PPJ/([HEM\2PP*] + [EMp2-
PP*]) are 7.4 (([HEM42PP*]/[E]: = 0.00081, [EM.PP*]/
[E]t = 0.0055) and 65 ([HEM..PP*)/[E]; = 0.00081,
[EMn+2PP*J/[E]; = 0), respectively. AllowindKag to change
stepwise between these limits and using the previous
estimates oks (1400 s%), k; (350 s1), andks (800 s!)
together with the measured valueRyf(0.35) 33), we found
pairs of ka and k; values simultaneously yieldink,, the
catalytic constant for hydrolysis, of 259'sand [HEM,-
PP*|/[E]: of 0.129 at eaclKas 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). Finallk, values corresponding to each
pair of ka andk; values were obtained with eq 13, usikg
the catalytic constant for synthesis, of 4.2 §33), and the
correspondingd; values were obtained with eq 13. Kig

< 25, negative values df, were obtained, narrowing the
permissibleKag range to 25-65. The values of all parameters
obtained in this way are summarized in Scheme 3. The values
of k; and ks are given in terms of total PRand MgR
concentrations, respectively. Where ranges of parameters are
shown, the first value is foKag = 25 and the second for
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Kag = 65. All the parameters changed monotonically within
their ranges. Frorag > 25, one could calculate ([HEM,-
PP*] + [EMn+2PP*))/[E]; to be <0.00204 [0.053/(25+ 1)]
and, hence, [EM.PP*]/[E]: < 0.00125 at equilibrium with
P, setting the lower limit of Kes- at 7.0.

The value for the dissociation constafit = 0.17-0.42
mM? for the difluoride complex of EMk1P in Scheme 3
was obtained by multiplying the value KE; by the fraction
of enzyme present as EMP at equilibrium with P(0.26;
see above). In the hydrolysis reaction, only one fluoride ion
is bound, and the dissociation constant of 6:0%2 mM
for the resulting complex can be calculated from the value
of Kg; (Table 1) and the fraction of enzyme present as
EMn+1P during steady-state hydrolysis (0.08L127, as
obtained in the simulations). For comparison, the dissociation
constant for the monofluoride complex of HEMPP*
(k/k;) is only 1.6 uM.

The values of the parameters obtained allow the following
conclusions to be made: (a) Valueskaf ks, ks, andk; 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 &K, (3.8 x 18 M~1-s7%)
is greater than for any of the most efficient enzymes recently
tabulated by Fersht3g). (c) In the direction of synthesis,
the kg step is exclusively rate-limiting at saturating magne-
sium phosphate concentration. Accordingly, the asterisked
species are present in only small amounts3% of the total
enzyme), and the ratio of the dominant species, [EM]/
[EMn+2PP], is very close t&Kag.
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