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ABSTRACT: Soluble inorganic pyrophosphatases (PPases) form two nonhomologous families, denoted |
and Il, that have similar active-site structures but different catalytic activities and metal cofactor specificities.
Family Il PPases, which are often found in pathogenic bacteria, are more active than family | PPases, and
their best cofactor is Mit rather than Md", the preferred cofactor of family | PPases. Here, we present
results of a detailed kinetic analysis of a family Il PPase fistreptococcus gordon{sgPPase), which

was undertaken to elucidate the factors underlying the different properties of family | and Il PPases. We
measured rates of PRydrolysis, PPsynthesis, andiRvater oxygen exchange catalyzeddgpPase with

Mn2*, Mg?*, or C&" in the high-affinity metal-binding site and Mg in the other sites, as well as the
binding affinities for several active-site ligands (metal cofactors, fluoride, @ndR the basis of these

data, we deduced a minimal four-step kinetic scheme and evaluated microscopic rate constants for all
eight relevant reaction steps. Comparison of these results with those obtained previously for the well-
known family | PPase fronsaccharomyces cerisiae (Y-PPase) led to the following conclusions: (a)
catalysis bysg°PPase does not involve the enzymeg-&dmplex isomerization known to occur in family

| PPases; (b) the values kfy for the magnesium forms afgPPase and Y-PPase are similar because of
similar rates of bound RRydrolysis and product release; (c) the marked acceleratisgRifase catalysis

in the presence of Mt and C@* results from a combined effect of these ions on boundhiy&rolysis

and R release; (dsgPPase exhibits lower affinity for both PBnd R, and (e)sgPPase and Y-PPase
exhibit similar values ok../Km, which characterizes the PPase efficiency in vivo (i.e., at nonsaturating
PR concentrations).

Soluble inorganic pyrophosphatase (EC 3.6.1.1, PPase) no homology exists between the families. Family | PPases
is a ubiquitous enzyme that hydrolyzes; R& B, thereby are dimers or hexamers of identical subunits, whereas all
providing a thermodynamic pull for many biochemical family Il PPases are homodimers.

processes that yield PBs a byproduct (e.g., nucleic acid  The catalytic mechanism of family | PPases has been
and protein syntheses),(2). Soluble PPases comprise tWo gt died in detail from both the kinetic and the structural

families, denoted | and 113, 4). Family Il is found only in viewpoints @, 5—7). PR hydrolysis proceeds as a direct
bacteria and archaebacteria, often pathogenic, Whereasfamil;hudeophi”C attack of a water molecule, activated by

][ is _flounrclj in all Itypeﬁ of olrgani_sms. The ”?gmbefs of ea:)ch coordination with two metal ions (possibly converting it to
amily show a clear homology in amino acid sequence, but , pyqroxide jon) on the phosphorus ofiPHetal ions also
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Scheme 1: Kinetic Scheme of Catalysis by Y-PPase
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PPase family Il was discovered quite recenBy4) and

Zyryanov et al.

extinction coefficientAl*,g, 0f 2.62, as determined by active-
site titration (see Results).

The magnesium form okgPPase (MggPPase) was
prepared by incubating 0-58L. mM metal-free enzyme with
6.5-8 mM MgCl, for 3 days at 4°C in the pH 7.2 buffer
containing 0.5 MM EGTAsgPPase containing Mh or Co**
in the high-affinity metal-binding site and Mgin the other

has not yet been characterized in such detail. Remarkably gjtag (Mn- or CosgPPase) was prepared by a similar

the active-site structures of family | and family Il PPases,
including the relative positions of the Biolecules, metal
ions, and the nucleophilic water molecule coordinated with
two metal ions, are very similal{, 12), providing a striking
example of convergent evolution. This similarity suggests a

common reaction mechanism. However, the catalytic char-

acteristics of family | and Il PPases are quite differeir8)(

incubation with a 1QuM excess of MnGl or CoCk over

the enzyme concentration (allowing binding of only one
transition metal ion per subunit), followed by two concentra-
tion/dilution cycles on the Centricon membranes using the
buffer containing 1Q«M MnCl; or CoCL and three or four
concentration/dilution cycles with the buffer containing 10

#M MnCI, or CoChk and 5 mM Mg". The final solution

Family Il PPases are an order of magnitude more active than,, 55 adjusted to 0-51 mM enzyme concentration.

family | PPases and exhibit maximal activity in the presence
of Mn?*, whereas family | PPases are best activated byMg

In the presence of transition metal ions, family | PPases
hydrolyze ATP and a number of other polyphosphates
besides PP whereas family Il PPases exhibit absolute
substrate specificity in the presence of either’Mgr Mn?*

(13, 14). PPases of both families require divalent metal ions
for catalytic activity and have multiple binding sites for such
ions, but only family 1l PPases bind metal ions with the
affinity characteristic of metalloenzymesd). In family I

PPases, the site with the highest binding affinity displays a

marked preference for Mh over Mg?™ (13).

Here, we describe the results of a detailed kinetic and
thermodynamic study of the family 1l PPase fr@itrepto-
coccus gordonii(sgPPase). We measured the rates of PP
hydrolysis, PPsynthesis, and;Rvater oxygen exchange in
the presence of M, Mg?*, and C8*, as well as the binding
affinities for several active-site ligands (metal cofactors,
fluoride, and B). Then, by comparing these results with those

Methods PR-hydrolyzing activity was assayed by means
of an automatic phosphate analyz&b)( PR hydrolysis was
initiated by addition of the enzxyme to—25 mL of
otherwise complete reaction medium and monitored fo4 3
min.

Enzyme-bound BRormation at equilibrium with medium
P, and initial rates of medium RBynthesis were measured
luminometrically using a coupled APS-sulfurylase/luciferase
system, as described previous§; (6).

Enzyme-catalyzed{O]P,—water oxygen exchange was
followed by measurement of the distribution of fivi&Q]P,
isotopomers containing from zero to fothO atoms (7).
The starting R kindly donated by Dr. V. Kasho (University
of California, Los Angeles), containeed98% €0 (18). The
exchange reaction was carried out for B5 min in a total
volume of 0.05-0.2 mL and stopped by the addition of a
1/5 volume of 1.2 M hydrochloric acid. Samples were
lyophilized and stored at20 °C before mass-spectroscopic
analysis. Mass spectra were acquired using an APl Q-STAR

obtained previously for family I PPases, we deduced a kinetic p,|sar hybrid mass spectrometer (Applied Biosystems,

scheme for catalysis bygPPase and explained the differ-

Forster City, CA) equipped with a nano-electrospray ion

ences in the catalytic properties of the two PPase families ¢ rce (MDS Protana, Odense, Denmark). The nano-elec-

in terms of rate constants for individual reaction steps.

EXPERIMENTAL PROCEDURES

EnzymeExpression and purification gfgPPase from an
overproducindgzscherichia coliC43(DE3) strain transformed
with a suitable plasmid were carried out as described
previously (L3). Metal-freesgPPase was prepared by EDTA
treatment in combination with ultrafiltration on a Centricon
SR30 membrane (30 kDa cutoff). A stock enzyme solution
containing 25 mM enzyme, 150 mM Tris/Cl buffer (pH
7.2), 1.5 mM MnC}, and 15 mM MgCj was diluted to 100
uM enzyme concentration with 72 mM Hepes/KOH buffer
(pH 7.2) containing 28 mM KCIl and 2 mM EDTA, and the
resulting solution was subjected to three cycles of 20-
fold concentration/dilution on the Centricon membrane.
EDTA concentration in the dilution buffer was 2 mM for
the first two cycles and 2650 mM for the third cycle. After
the third cycle, the diluted enzyme solution was incubated
with 20—-50 mM EDTA for 3 days at 25C and finally
subjected to six further concentration/dilution cycles with
10uM EDTA in the dilution buffer. The final solution was

trospray capillaries (MDS Protana) were loaded withl2

of sample solution diluted with water to-2 mM phosphate
concentration. Negative ion mode scanning with the ion spray
voltage at—900 V and the instrument settings recommended
by Applied Biosystems were used. Fifty scans were routinely
acquired and averaged for each sample. A typical mass
spectrum, displaying excellent separation of the fivpdaks,

is presented in Figure 1. For more details, see the Results
section.

Sedimentation velocity measurements were performed on
a Spinco E (Beckman, USA) analytical ultracentrifuge at
48 000 rpm with scanning at 280 nm; the sedimentation
coefficient,s,ow, Was calculated using standard procedures
(19). The enzyme was preincubated in the appropriate media
for at least 1 day before the sedimentation run.

All measurements were performed at 5.

Calculation and Data Analysig.he values of the apparent
dissociation constants for the various metal ion complexes
used to calculate the free metal ion concentrations at pH 7.2
were as follows: MgPR112uM (20); Mg.PR, 2.84 mM
(20); MnPR, 30 uM (21); Mn,PR, 130uM (22); CoPR, 10

adjusted to £+2 mM enzyme concentration and stored at 4 uM (23); MgEDTA, 0.95uM (24); MgEGTA, 12.3 mM
°C. Enzyme concentration was calculated on the basis of(24); CoEGTA, 4 nM @4); MnEGTA, 6.5 nM @4);

the subunit molecular mass of 33.5 kDa3) and the

CaEGTA, 80 nM 24); MnF, 62.5 mM @5); CoF, 88.7 mM
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Scheme 2: Equilibria in the Medium Used to Measure
Metal lon Binding tosgPPase
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5 min aE, B, M, and L are monomer, dimer, metal ion, and chelator,
respectivelyKq, Ku, andK, are dissociation constants.

Intensity

2—6. TheK, value was fixed at 120M, which differs from

the value of 93uM reported previously 3) because of a
correction made to the enzyme extinction coefficient (see
— Results).

2 2, 2
[M][E] +2[M] [E] N [M][L] ,

M], = [M] + 2
MI=M* 20k, T2k, TR M
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T R [E]:KM<JKd<8[E]t([M] + Ky + KeorD) = Ko
4Ky + MD?

m/z (amu)

Ficure 1. Changes in the relative distribution dfQ]P,; isoto-
pomers during P-water oxygen exchange catalyzed by Mg- 2
sgPPase, as measured by electrospray mass spectrometry. Condi- [E)] = [E] (4)

3

tions: 20 mM total potassium phosphate, 5 mM free?NMgt.2 Kyq

uM PPase, 0.5 mM EGTA, 28 mM KCI, 72 mM HEPES-KOH,

pH 7.2; reaction time is indicated on the graphs. The four peaks 2

observed correspond to five RBotopomers B0, PL60;180, ... _ IM]E]

ko] EM =2 kK ®)
(25); MgF, 48 mM @6); MgP,, 8.5 mM 7); MnP,, 3.6 mM S

(28); and CoR, 9.8 mM 8). Where appropriate, these values [E,M,] = (MITE] (6)
were derived from published values of the corresponding 2 KMZKd

pH-independent constants.

Nonlinear least-squares fittings were performed using the Oxygen Exchangélhe rate of'®0 exchange between P
program SCIENTIST (Micromath), which allows the use of and water {e,) was calculated using eq 7, whegar, and
implicit equations. Enr are the averag®O enrichments of Pat zero time and

Metal lon Binding to sgPPasézquilibria in the system  timet, respectively. The value of the partition coefficient,
containing metal ionssgPPase, and chelator (added to buffer P, which equals the probability that boungi® converted
free metal ion concentration) are shown in Scheme 2, which into PR rather than released into solution, was calculated
is based on previous result$3j. This scheme shows that from the time-course of the distribution of fiveiBotopomers
metal-ion binding to the high-affinity site shifts the monomer  containing from zero to fout*O atoms, using the program
dimer equilibrium toward the dimer (see also Results). As a developed by HackneyL{). The dependence of the exchange
consequence, the species EM (monomeric enzyme withrate on Pconcentration was fit to eq 8, whekg{E]: is the
bound metal ion) can be neglecteily is a microscopic  value of the exchange rate at infinitg ddncentration, and
dissociation constant, and K@ and Xy are the corre- Kp and Kp, are the macroscopic dissociation constants
sponding macroscopic constants for metal binding to two describing binding of the first and the secondr®lecules.
identical sites in the dimer.

The specific activity ofsgPPase that manifests upon __4[P]In(Enry/Enr)
addition of the equilibrium mixture of the enzyme species Vex = t @
shown in Scheme 2 to the activity assay medium is given
by eq 1 Kpa | KiKpy
Uy = kex[E]t/ 1+ ﬁ + — (8)
oz 2E £ 2AEM] + (A AEM] ¢ Pl
[El Effect of Fluoride on Enzyme-Bound PPhe dependence

of the amount of enzymePR intermediate formed at
where [E] is the active enzyme concentration in terms of equilibrium with B on the fluoride concentration can be
monomer, andd, and Ay are specific activities manifested described by Scheme 3, whef&} refers to all enzyme
by enzyme subunit either metal-fref) or metal-boundA4y) species not having bound PFEPP is the enzymePR
before being added to the assay medium (see Results foiintermediate, F is fluoride, andr;, Kr,, andKg gppare the
more details). dissociation constants for the corresponding fluoride com-

The concentrations of free metal ion and all enzyme plexes. Scheme 3 assumes that EPP binds ongBrlinds

species in Scheme 2 and eq 1 were obtained by solving eqgwo fluoride ions.
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Scheme 3: Fluoride Binding tegPPase Equilibrated with K, 4P, + fll r(]' P.)]
n Ky = fim | Ly Ze e (13)
17 epp
{E} (—_) EPP K kS (4 3Pc)kex
1T K 1 K eer fgm
— pp
{E}F EPPF K= fnm (14)
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K
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Scheme 4: Kinetic Scheme of Catalysis $iyPPase epp
b . ko ok K, =K, (16)
E @pp € Ep, € EP € E 1
ks ks ke ks k, = (17)
Ky T
The fraction of enzyme containing bound ;PR the ki, K3ks k
presence of fluoridefd,y) is given by
kex(4 - 3P<‘)
fepp_ 1 + (9) 4fep;{l Pc)
(1 - fepp&[E] " Kegr 4 2p)
wherefeppois feppat zero fluoride concentration, [E] and [F] ks = 4PX 1—fm (19)
are the concentrations of free enzyme and fluoride, respec- ol ep
tively, and [E] is the total concentration of enzyme. [E] and 1
[F] are obtained by solving eqs 10 and 11, which are derived k, = i (20)
from mass conservation equations for enzyme and fluoride, 1 AP+ fepp(l — P
respectively, by expressing the concentration of enzyme and Eh - (4 — 3Pk,

fluoride complexes in terms of [E], [Fleppa and the relevant
binding constants; [k]s the total concentration of fluoride. RESULTS

[E]l, = Binding Affinities of sgPPase for Different Metal lons.
fIE 2 Family 1l PPases have one high-affinity and two medium-
[E] + ePPf[ ] /1 + [F] ;) + [EIIF] + [FI'TE] (10) affinity metal-binding sites per subunit). The high-affinity

- eppo)\ Kk ep Krr  KeKpa site is important for both quaternary structure and catalysis
(13). Binding of Ca*, Mg?*, and C&" to the high-affinity
feppd EI[F] [EIIF] . _[FIAE] site ofsgPPase was measured using the approach previously

[Fl;=[F] + (1- fepp()KF oop Kep + 2KF1KF2 11 employed to measure Mh binding (13). This approach
makes use of the dependence of enzyme activity on the

occupancy of the high-affinity site, which is determined by
a combination of two effects. First, metal-ion binding
drastically shifts the monomedimer equilibrium toward
the much more active dimefl®). Second, both monomer
and dimer are inactive unless the high-affinity site is occupied
by a divalent metal ion activator. It is also important that
dimer—monomer interconversion is slow on the time-scale
of the PPase activity assay.

The binding assay consisted of two steps. First, metal-

[F] free enzyme was equilibrated with increasing amounts of a
[PP] 5)

Fluoride effect on the rate of PPydrolysis ¢y) is
described by eq 12 for uncompetitive inhibition, whéges
the catalytic constank,, is the Michaelis constant, andk: es
is the inhibition constant, characterizing fluoride binding to
the enzyme-substrate complex. Eq 12 does not take into
account the binding of the second fluoride ion because this
binding occurs to an insignificant extent at the low fluoride
concentration used in the inhibition measurements.

(12) particular divalent metal ion, allowing occupation of a
fraction of the available high-affinity sites, and as a
consequence, partial dimerization. The incubation medium

Microscopic Rate Constant€atalysis bysgPPase could  included a metal chelator (EGTA or EDTA), which helped
be described by Scheme 4, which differs from Scheme 1 by to maintain a low concentration of free metal ion in the
having only one enzymePR intermediate. presence of a relatively high enzyme concentration (i.e., it

The microscopic rate constanks{kg) and the equilibrium  served as a metal buffer). Second, enzyme activity was
constantsK; = ki/ko, K3 = ka/ks, Ks = ks/ks, andKz = ks/ measured with PPas the substrate. The activity assay
kg) for the four reaction steps in Scheme 4 were calculated conditions were carefully selected to maximize the effect of

= ki[Elv[1

from the measured catalytic parameters with eqs2(B(16), metal binding on activity. Thus, the activities of Mg and Ca
Wheref',vlmp andks are the values of,, and vJ/[E];, respec- enzymes were measured with Maas the activator, giving
tively, at infinite R concentration. Eqs 320 are a rear- low Ap values in comparison té\y values in eq 1. By

ranged form of the equations put forward by Springs et al. contrast, the raticA\¢/Ay was not that favorable when the
(29) and Fabrichniy et al.1{). Co enzyme was assayed with Mghence, its activity was
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Table 1: Parameters Derived from Metal lon Binding Assays
100 (Figure 2)
60 metal ion Ku, NM Ao, st Au, st
R Mn2+ 0.20+ 0.06 270 90¢*
X 60 Mg?t 230004 3000 (7000+ 3000 210+ 10 210410
2 cat 5400+ 800 208+ 5 208+ 5
% 40 Co?t 0.67+ 0.04 <0.01 94+ 1
< aFrom Parfenyev et al.1Q). Activity of the enzyme preincubated
20 with Mn?™ was assayed with 20 mM Mg as the cofactor Estimated
from Mn?* competition experiment.
0 T T T T
10-1 10° 107 10 103 Table 2: Parameters for-PWater Oxygen Exchange Catalyzed by
[M2+] ™ sgPPase with Different Metal lons in the High-Affinity Site
Ficure 2: Effect of preincubation with different metal ions on enzyme (R, mM ved[El, S Pe
sgPPase activity. Metal-free enzyme (281) was preincubated for Mg-sgPPase 2 0.320.01 0.048t 0.006
3—4 days at 25C with the chloride salts of the indicated metals 20 10.3+ 0.4 0.052+ 0.006
in the presence of 40M EGTA (Co*" and C&*") or EDTA (Mg?") 50 20+ 1 0.0694+ 0.006
and 72 mM Hepes/KOH buffer (pH 7.2) containing 28 mM KCI Mn-sgPPase 2 0.75% 0.02 0.023+0.017
in a total volume of 4QuL. Thereafter, aliquots were withdrawn, 20 2241 0.020+ 0.011
and the PPase activity was assayed. The assay medium contained 50 58+ 3 0.017+ 0.016
50 uM PR, 150 mM Tris/Cl buffer, pH 7.2 and the following Co-sgPPase 2 0.68- 0.02 0.104+ 0.006
additions: 22 mM CaGland 2 mM EDTA (Cé* incubation) or 20 3241 0.113+ 0.010
20 mM MgCh and 0.5 mM EGTA (M@" and C&" incubations). 50 794+ 1 0.118+ 0.020

Longer incubations (56 days) resulted in essentially similar
activity values, indicating that equilibrium was attained. The lines
were obtained with eqs-16 using the best-fit parameter values The binding assay also permitted measurement of"Mn
Iister(]j in Tableh 1 'tl)'he valuehom if] taftken as lIOO% activity for  pinding tosgPPase in the presence of 5 mM Mgln this
each curve. The abscissa shows the free metal ion concentration i - e .

the preincubation medium, as calculated with eqs 2 and 3 usingncase’ PPase activity was assi\yed_ with % the_ activator.
Ky values from Table 1. The apparenKy value for Mr#t estimated in this way was

140+ 20 nM, which is 700 times greater than in the absence

assayed with C&, with which A, is equal to zero (because Of Mg*" (Table 1). The value oKy for Mg* can be
metal-free sgPPase shows no activity with &€aas the  calculated from this effect as # 3 uM, assuming a
cofactor). The activities of metal-free, Mg- and €gRPase competitive binding mechanism. This value is not much
preincubated under conditions allowing virtually complete different from the value of 23(M obtained in the direct
dimerization (high enzyme or metal ion concentration) and Pinding assay (Table 1).
assayed with M& were found to be identical. This observa- ~ The sedimentation coefficients,(o)) for sgPPase mea-
tion suggests that Mg rapidly bound to or replaced €a sured in the presence of 0.03 mM Tor 0.15 mM Ca&"
in the high-affinity site during the activity assay and that were 4.6-4.1 S, characteristic of dimerisgPPase 13).
the activity measured refers to MgPPase in all these cases. Previously, we observed similar valuessptoin the presence
Therefore, the increase sgPPase activity after preincubation  of Mn?" and Mg+ and a significantly lower value (3.1 S)
with Mg?" or C&" is solely due to the shift of the dimer in the absence of any metal iof3).
monomer equilibrium toward the dimer. Accordinghs,was The tightness of Mff binding allowed kinetic titration
set toAw in eq 1. By contrast, the activity of Ceg°PPase  of the high-affinity binding sites isgPPase. In this experi-
measured with Ga or Mg?" was much higher, indicating ment, sgPPase, at a concentration 4 orders of magnitude
that bound C®" was not significantly replaced by &aor greater thaky, was preequilibrated for 10 h with increasing
Mg?* during the activity assay. This conclusion was sup- amounts of MA" in the absence of any chelator, and enzyme
ported by the observation that theaecumulation curve was  activity was assayed with €aas the activator. The binding
linear for at least 0.5 min after enzyme addition to the assay site concentration could be easily estimated as the metal ion
medium. concentration corresponding to the inflection point in the
The dependence of enzyme activity on metal ion concen- titration curve (Figure 3). The value of the extinction
tration in the preincubation mixture displayed two plateau coefficient forsgPPaseA*,g0) calculated from the enzyme
regions for all the metal ions considered, as shown in Figure concentration was 2.62, which differs significantly from the
2. The plateau at lower metal concentration corresponds tovalue of 3.43, estimated previously based on the amino acid
the activity of the 75% monomeric and 25% dimeric enzyme composition ofsgPPase 13). This discrepancy may be due
with the assay metal ion bound to the high-affinity site, and to the previous method overestimating the extinction coef-
the plateau at higher metal concentration corresponds to theficient becausesgPPase contains no Trp residuek 4),
activity of predominantly dimeric Co enzyme (€gresent ~ Which make the greatest contribution to protein absorbance
in the preincubation medium) or Mg enzyme (Mgr C&* at 280 nm.
present in the preincubation medium). The binding constants In the sections that follow, we examined the effect of the
(Knm) derived from the activity-metal concentration curves nature of the metal ion (M, Co**, or Mg?") bound to the
by fitting eqs -6 (Table 2) indicate that the high-affinity  high-affinity site on the catalytic activity ofgPPase. All
site has a much greater preference for transition metal ionsmeasurements were performed in the presence of 5 mM
over alkali earth metal ions. Mg?*, ensuring that all other available metal binding sites
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150 °
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[(Mn2*]; (uM) FiGURE 4: Dependence of/[E]; and vJ[E]; on [P] for Mg-

FIGURE 3: Kinetic titration of sgPPase active sites. Enzyme S¢PPase. The lines were drawn with eq 8, using the parameter values
concentration was such that the absorbance of its solution at 2809iven in Table 3 (see text for details).
nm in a 1 cmcuvette was 0.115.
different amounts of0 and 0. This method does not

were occupied by Mg. In the cases of MsgPPase and  require any pretreatment of the sample. Earlier analyses made
Co-sgPPase, the reaction medium additionally contained 10 use of electron impact ionization that required conversion
uM free Mr?* or C@**, respectively, to prevent their Of P into volatile tris(trimethylsilyl) phosphate prior to
substitution by M@" on the enzyme. At this low concentra- analysis {8). We found that the two methods give identical
tion, Mn?*, and presumably, Gb do not bind significantly results with yeast PPase (data not shown). One problem that
to other sites13). Further evidence that no leakage of ¥n ~ was encountered using ion-spray mass spectroscopy was
or C* occurred from the enzyme in these experiments was Sample contamination with FQ), from the glass capillary
provided by the observation that the enzyme activity did not holding the sample. This contamination resulted in the
vary during the assays and that the corresponding kinetic P(®0)s content of the sample being overestimated by %,
curves were linear. depending on the voltage used. However, this problem could

Pi—Water Oxygen Exchang@_xygen exchange has been be avoided either by using a quartz Capillary or by making
studied in detail in family | PPases but has not been an appropriate modification to the algorithm of Hackn&y)(
previously measured in family Il PPases. This exchange that was used to derive. and P from the exchange data.
results from the reversible synthesis of BRthe PPase active ~ Specifically, the percentage contamination was used as an
site; specifically, one Foxygen is lost as water during PP additional unknown parameter. We mainly used the latter
synthesis, and one is acquired from water during subsequengpproach.
PR hydrolysis. This exchange occurs in only one of the two ~ Enzyme-Bound RHAFormation. A distinctive feature of
P, binding subsites found in the PPase active site. Oxygenfamily I PPases is their ability to form appreciable amounts
exchange is characterized by two parameters: the rate ofof enzyme-bound Rrom medium R At high R concentra-
the exchangeut,) and the partition coefficientR). P is tions, the fraction of enzyme containing bound @&y can
defined as the ratio of the rate at which enzyme-bound P reach 20%31). sgPPase can also form significant, although
loses oxygens and the sum of this rate and the rate of P much smaller amounts of enzyme-bound. ARus, fepp was
release from the enzyme and can vary between zero and on@nly 0.32+ 0.02, 0.15+ 0.01, and 0.19t 0.01% at 20

17). mM P, for Mg-, Mn-, and CosgPPase, respectively. Since
The oxygen exchange data summarized in Table 2 indicatethe dependence dt, on [R] should obey an equation
that the Mg, Mn, and Co forms adgPPase catalyze;P identical to eq 8 but Witﬁg’g‘p (the limiting value offepp) in

water oxygen exchange at rates comparable to that observegblace ofkeE]: in the numerator, the values fcﬂg’;‘p were
with family | PPases X7). The value ofP. is, however, calculated from thde,, values measured at 20 mM &nd
severalfold less fosgPPase. As noted previouslg29), the the Kp andKp; values estimated from the oxygen exchange
invariance of thé>; value over a wide range of Poncentra- measurements (Table 3).
tions provides strong evidence that ther®lecule containing PP, Synthesis in SolutiorAlthough the equilibrium 2P
the P atom that was attacked by water duringtB#@rolysis = PR is markedly shifted toward;Pn water solution, the
leaves the active site first, regardless of the nature of the steady-state rate of medium P&/nthesis 45 could be
metal ion bound to the high-affinity site. By contrast, this P measured in the presence of excess ATP-sulfurylase, which
molecule leaves first from the Mg form of yeast (family I) quantitatively converts the synthesized, Ro ATP. The
PPaseZ9) but leaves second from the Co, and presumably, latter could be monitored with luciferasg2). The depend-
Mn forms of this latter PPase(). encies ofvd[E]; on [R] shown in Figure 4 could be described
Figure 4 showss/[E]: as a function of Pconcentration by a saturation function similar to eq 8 but wilf (the
for Mg-sgPPase. Fitting eq 8 to these data and similar data limiting value of vJ/[E]) in the numerator and appareds
measured for Mn- and CsgPPase allowed evaluation of andKp;in the denominator. Thks values estimated in this
kex and the Pbinding parameter&pr andKp, (Table 3). way are summarized in Table 3.
It should be noted that the present work is the first time  Fluoride Binding.Fluoride specifically inhibits family |
an ion-spray mass spectrometer has been used to measuf@Pases by replacing the nucleophilic water molecule in the
the distribution of P between its five forms containing enzyme-substrate complex5( 6). Consistent with this
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Table 3: Catalytic Parameters for PP 2R Equilibration by Different Metal Forms a§gPPase and by the Magnesium Form of Y-PPase

parameter MgsgPPase MrsgPPase CsgPPase Y-PPase

Kn, S71 330+ 10 3550+ 70 830+ 20 260
Kn/Km, uM~1s71 43+ 4 89+ 5 73+5 200

Kp, mM 13+ 3 32+ 12 26+ 3 2.7
Kpz mM 28+ 9 30+ 10 36+ 6 35
Kex, 51 34+5 124+ 30 168+ 15 170

Pc 0.055+ 0.004 0.019+ 0.008 0.11A 0.007 0.30
fg:‘p % 1.06+ 0.25 0.74+ 0.20 1.00+ 0.25 16

ks, s1 29+ 5 118+ 14 1404+ 20 4

aLiterature values37) recalculated in terms of total PBnd R concentrations, where appropriate.
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Ficure 5: Dixon plot of MgsdPPase inhibition by fluoride.
Numbers on the curves refer to R#®ncentration in micromoles
per liter. The lines were drawn with eq 12 using the parameter
values given in the text.

mechanism, a Dixon plot of the effect of fluoride on the
magnesium form ofsgPPase during steady-state; RRy-
drolysis (Figure 5) points to an uncompetitive inhibition.
Qualitatively similar plots were obtained for MsgPPase and
Co-sgPPase, but the inhibition was much weaker, in agree-
ment with the findings of Kuhn et al3@). The values of
the inhibition constanKggs were found to be 0.0062Z
0.0003, 8.2+ 0.6, and>30 mM for Mg-sgPPase, Mn-
sgPPase, and CegPPase, respectively.

The enzyme-substrate complex that binds fluoride during
steady-state RRydrolysis formally refers to all intermediates
following substrate binding (i.e., EPP*, EPP, £=Bnd EP
in Scheme 1). To compare the fluoride binding affinities of
different intermediates, we investigated the effect of fluoride
onfeppin the equilibrium systersgPPase-PMg?*. Fluoride
had a dual effect orfey, at fixed RB: at low fluoride
concentrations €0.2 mM), fepp increased, indicating that
EPP* and/or EPP bind fluoride more tightly than any other
intermediate; but at high fluoride concentrations, this effect

[F]t (mM)

Ficure 6: Fluoride effect onfep, for Mg-sgPPase. Enzyme
concentration was 100M, and the Pconcentration was 20 mM.
The curve shows the best fit to eqs 81 and was drawn using the
parameter values given in the text.

binding constant for EPP, as derived from the equilibrium
studies, is less than that for the enzynseibstrate complex
derived from the steady-state studieSrfpr < Kge9),
consistent with the fact that EPP is only one of the
intermediates constituting the enzymsubstrate complex.
By contrastKr epp> Kgesfor family | PPases), and this
unusual observation formed the basis for the notion that the
catalytic reaction of family | PPases involves two enzyme
PR intermediates (EPP* and EPP in Scheme 1) with different
affinities for fluoride.

Kinetic Scheme and Microscopic Rate Constaritse
analysis described next led us to conclude that Scheme 4 is
the minimal scheme that adequately describesPRR
equilibration bysgPPase. Scheme 4, which has only one
enzyme-PR intermediate, was originally used to describe
catalysis by family | PPase9, 34, 35); however, more
recent studiess( 9) have suggested that this process is better
described by Scheme 1, which has two enzyRE inter-
mediates. The microscopic rate constants and the equilibrium
constants for the four reaction steps catalyzedsgpPase

was reversed (Figure 6). The latter observation indicates thatwere calculated from the values of the eight catalytic

some PPRlacking intermediate binds fluoride less tightly but
with a higher stoichiometry, as shown in Scheme 3 taken
from a previous work on family | PPaseS)( which are
affected by fluoride in a very similar manner. The data
presented in Figure 6 were fitted to egs®L, yielding the
following estimates:Kggpp= 1.0+ 0.3 uM, Kgz = 90 £

40 uM, and Kg, = 1200 £+ 500 uM. These values lead to
the following conclusions. (a) The enzymBR complex
binds fluoride much more strongly than the alternative
fluoride-binding enzyme specie&{epp < Kri, Kgp), cON-
sistent with previous data on family | PPasé& (b) The

parameters listed in Table 3 with eqs-120. The results of
these calculations for different metal forms sgPPase are
summarized in Table 4. The experimental errorkoénd

k. for Mg- and MnsgPPases and of; and kg for Mn-
sgPPase, calculated according to error propagation rules,
exceeded the values themselves, allowing only rough esti-
mates of these parameters.

In addition, attempts to use Scheme 1 to describe catalysis
by sgPPase led to less satisfactory results. First, we found
that the equations used to calcul#te ks, andks from the
catalytic parameters listed in Table 3, and hence, the
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Table 4: Kinetic and Thermodynamic Parameters for Catalysis of
PR = 2R Equilibration by Different Metal Forms afgPPase and
by the Magnesium Form of Y-PPase

parameter MggPPase MrsgPPase CegPPase  Y-PPa3e
1/Kq, uM 60+ 15 180+ 60 170+ 50 0.42-1.08
Ks 90+ 20 130+ 40 100+ 30 4
Ks, mM 28+ 9 30+ 10 36+ 6 2.7
K7, mM 13+3 30+ 10 28+ 3 2.7
ki, uM~1s71 150-600 350-7000 400+ 200 380
ko, st 4000-30000 60006-1200000 7000@: 50000 1606-4100
ks, s71 3300+ 900 17000+ 7000 1700G+ 5000 1400
ks, 571 35+5 130+ 30 175+ 20 350
ks, s7% 600+ 100 6500+ 3100 1300+ 200 800
ks, MM~1s71 204 10 210+ 130 36+ 7 300
ks, s71 10004 300 7006-35000 2600t 600 966-3300
ks, mMM~1s71 704 30 200-1100 100+ 30
Ka, st 840-2200
ks, s71 33-34

aFrom Baykov et al. §).

numerical values for these constants were identical for

Zyryanov et al.

X-ray crystallographic studies of family 1l PPases from
S. gordonii(12) andStreptococcus mutari$l) have revealed
two enzyme-bound metal ions, M1 and M2, in the enzyme
active site (Figure 7). Each of the metal ions has three oxygen
ligands from the Asp carboxylates and one nitrogen ligand
from the His imidazole. The coordination bond lengths for
M1 and M2 are similar, suggesting similar binding strengths.
On one hand, this active-site structure explains the high
affinity of family 1l PPases toward transition metal ions,
which prefer nitrogen ligands, versus alkali earth metals,
which prefer oxygen ligands. But on the other hand, this
structure poses a question: why is the stoichiometry of the
tight binding only one metal ion per subunit instead of two?
A likely explanation is that the second metal ion experiences
electrostatic repulsion from the first metal ion bound to the
active site. Indeed, the distance between the two metal ions
is only 3.6 A, and they are separated only by a shared water
ligand, which presumably acts as a nucleophile. It is therefore
possible that the high-affinity site is not associated with only

Schemes 1 and 4. The remaining seven constants weréM1 or M2, and the first metal ion to come can bind to the

estimated using eq 21, whelPg is one of the eight catalytic
parameters found in Table &( ky/Kn, etc.), andf, is the

M1 and M2 sites with similar probabilities. In this case, the
monometal species in Scheme 2 may be mixtures of two

analytical expression for the corresponding parameter throughspecies, one containing M1 and the other M2.

the microscopic rate constarks ko, ... ks. These constants

C&" alone does not confer activity to family Il PPases

were treated as unknown parameters, and their values thabut can do so provided that the high-affinity site is occupied

minimize the functionF were obtained using the program
SCIENTIST. Two sets ok;—kg were thus obtained, giving
nearly identicaF values. For both sets, the valueskgfkg

by Mn?t (13). Our binding data rule out the simple
explanation that Ca does not bind to the high-affinity site
strongly enough. Therefore, a reasonable alternative hypoth-

were similar to the corresponding values obtained in terms esis is that the high-affinity site is crucial for nucleophilic

of Scheme 4 (Table 4). Importantly, the valuekgfndks
were at least 5 orders of magnitude greater thafior both
sets, but the ratitia/kg was 10 for one set and 10 for the
other set, indicating that one of the enzyniR intermedi-

water activation and Ca does not activate water as well as
Mn2t, Co*t, or Mg?t. Consistent with this explanation, the
pK, of the aquacomplex is much higher for&412.9) than
for Mn?* (10.6), C8" (10.2), and Mg" (11.4) @6). This

ates is stoichiometrically insignificant; hence, Scheme 1 can hypothesis is also supported by the fluoride inhibition data,

be reduced to Scheme 4.

P, — (K Ky, Kg)\?
P

(21)

n

By contrast, using eq 21 with published data for Y-PPase
(5) confirmed that both enzymePR intermediates are
stoichiometrically significant for this enzyme; moreover, the
values ofk;—Kkg, ka, andkg obtained using this approach were
very similar to the values previously obtained by direct
calculations ).

DISCUSSION

Metal-lon Binding. Equilibrium dialysis measurements
have revealed that family Il PPases contain one high-affinity
and two or three low-affinity metal-binding sites for &
and Mg per subunit{3). The high-affinity site binds M#
in the nanomolar range and Ffgin the micromolar range.
The results of the present work confirm those earlier findings
and further extend them by showing that?Caesembles
Mn?*, whereas CH resembles Mg in their binding to the
high-affinity site ofsgPPase. In additiorsgPPase exhibited
affinities to Cd* and Zr#*, similar to or greater than that
for Mn?*, but the binding of these cations led to enzyme
inactivation (Zyryanov, A. B., unpublished). The high-affinity
site in sgPPase is thus specific for transition metal ions.

which indicate that the nature of the metal ion in the high-
affinity site is crucial for fluoride binding tosgPPase.
Although at present there is no direct evidence that fluoride
substitutes for nucleophilic water, as occurs in family |
PPasesf), this seems very likely, given the similarity of
the inhibition patterns of the two families.
Mg-sgPPaseversus Mg-Y-PPaseCatalysis by family |
PPases involves two enzymPR intermediates (Scheme 1),
whereas catalysis bygPPase is adequately described by a
scheme containing only one such intermediate (Scheme 4).
Two lines of evidence favor Scheme 4 over Scheme 1 for
sgPPase. First, kinetic simulation experiments using eq 21
indicated that a second enzymR intermediate, if any, is
kinetically insignificant. Second, the effects of fluoride on
sgPPase are consistent with a process involving only one
such intermediate. Qualitatively, the inhibition patterns are
very similar for families | and Il when Mg is used as the
cofactor. Thus, inhibition is quite strong and of an uncom-
petitive type because fluoride predominantly binds to the
enzyme-PR complex in both cases. There is, however, one
important quantitative difference. In the case of family |
PPases, the binding of fluoride to the enzynRf complex
formed from Ris much weaker than that to the analogous
complex formed during steady-state ;A drolysis. This
observation, which is incompatible with Scheme 4, provides
the most important evidence for the existence of two types
of the enzyme-PR intermediate, of which only one (EPP*
in Scheme 1) binds fluorides). Simple calculations pre-
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FiIGURE 7: Stereoview of the active site in the family || PPase frénmutang11). Three metal ions (M:M3), the presumable nucleophilic

water (W), and two sulfate ions (S1 and S2), mimicking phosphate ions, are shown in black. Residues belonging to the N-domain are
underlined. Residue numbering is 8r mutand?Pase; numbers f@&. gordoniiPPase, whose structure is very simila)( are greater by

two.

sented below indicate that this is not the case wgdPase.  that the active-site structures of these family || PPases are
For Scheme 4, the value of the dissociation constantvery similar to those of family | PPases. These complexes
describing fluoride binding to EPP, as determined from the also contain a binuclear metal cluster, and in both complexes
inhibition of steady-state hydrolysis, should equal the value there is only one water molecule between M1 and M2 (Figure
determined from the fluoride effect dg,, As shown above, 7). We speculated that this water molecule is always ready
Keerr < Kres but these constants cannot be directly for nucleophilic attack in family 1l PPases (i.e., there is no
compared becausé: eppis a true binding constant whereas intermediate containing two water molecules between M1
Keesis an apparent binding constant expressed in terms ofand M2 (L1)). If so, enzyme-PR isomerization, which we
total enzyme. To convelges to a true binding constant, associate with the release of one water molecule in family |
one should multiply it byfepp ss the fraction of the enzyme PPases, is not needed in family 1l PPases.

PR complex during steady-state hydrolysis at the saturating  Further support for this explanation can be found in the
PR concentration. For Scheme #yp,ssis given by eq 22, overall structures of PPases. In family | PPases, the active
and based on the values of the rate constants in Table 4, issite is a preformed structure within a single domain and is
equal to 0.108. Then, multiplyinéres (6.2 uM) by this ready to bind PP Therefore, further adjustments to generate
value, one obtains 0.4ZM, a value close to the value of 1 3 catalytically competent structure (e.g., nucleophile genera-
uM for Keepr Thus, Scheme 4 adequately describes both tion) should follow PP binding. In family Il PPase, in

catalysis and fluoride binding tsgPPase. contrast, the active site is formed by residues from two
domains connected by a flexible hinge. Thus, of the 10
¢ . (ks + kg)ky 22) residues forming contacts with the sulfatedRalog), metal

ions, and nucleophilic water in Figure 7, seven (His8, Asp12,
Aspl4, Asp75, His97, His98, and Aspl49) belong to the

The structural difference between EPP and EPP* in family N-domain and three (Lys205, Arg295, and Lys296) to the

| PPases is not exactly known because high-resolution 3-D ©-domain. These domains can move by tens of angstroms

structural data are available only for EP&).(The current relative to each other, _resul.ting in two quite different
hypothesis is that they differ in the number of water conformations of the active site, referred to as open and

molecules in the active sit€,(37). This hypothesis is based closed (2). The(efore, substrate binding is precede_d by a
on X-ray data for Y-PPase showing that metal ions M1 and gross conformation change from open to closed, Wh'Ch. may
M2 are separated by two water molecules in the resting Nvolve all changes needed to generate a catalytically
enzyme 8) and by one (which may be substituted by competent structure, mclud_mg nucleophile generation. Con-
fluoride) in the enzymePR and enzyme (P, complexes S|.der|ng that th|s.conformat|onal chaqge requires energy, this
(6). It has been suggested that the two water molecules are?iNding mechanism may also explain the lower affinity of
preserved in the immediate enzy#eR complex (EPP¥), sgPPase for PRcompare values for K = ki/k in Table
but one of them is lost during conversion to EF® 7), 4) and phosphate (Table 3) as compared to Y-PPase.
making the remaining water molecule, bridging two metal ~ Despite the difference in the kinetic schemes, the rate
ions, a powerful nucleophile suitably positioned to attack constants for bound PRydrolysis ks) and product release
the phosphorus atom of PPrhus, initial PP binding by (ks andky) are similar for the magnesium forms sgPPase
Y-PPase, characterized by a dissociation constarkg/f and Y-PPase, resulting in simildt, values (Table 3).
= 0.41-1.1 uM, is followed by a favorable conformation —However, thek, value for MgsgPPase is six times that for
change Ka/ks ~ 25—67), resulting in the overall binding Mg-Y-PPase (7.7 vs 1,8M), and this difference may reflect
constant K-ks/kika) of as low as 0.020.04 uM. much greater value of K4 for Mg-sgPPase.

X-ray crystallographic studies of an EMpulfate) com- Mn- and Co-sgPPaseersus Mg-sgPPase&Co-sgPPase,
plex of sgPPase 12) and an EMg(sulfate} complex ofS. and in particular, MrsgPPase exhibit much highky values
mutansPPase (another member of family 101) revealed than does MgsgPPase (Table 3), due to their greater values

DS (kg + Ky + Kok
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for ks, ks, andk; (Table 4). This stands in sharp contrast to

family | PPases, in which Mt and Cé" dramatically slow
product release, and consequerity(14). The effect of these

transition metal ions orks may be due to the greater

polarization of metal-bound nucleophilic wat&€], whereas
the effect orks, and probablyk; may result from acceleration

of the conformational change accompanying product release.
PR-binding amino acid residues belong to different domains,
and if PRbinding involves a change in enzyme conformation
from open to closed, bringing the binding residues together,
the hydrolysis of PPshould effect a backward change to an
open conformation with a distorted binding site and low
binding affinity. This is consistent with the order in which
the two P molecules leave the active site. As indicated by

the independence dP. from [P] (Table 2), the Pthat

contains the oxygen from the water nucleophile leaves the

enzyme first, and it is thisRhat has ligands from both
domains (Figure 7). The enzym®R complex thus re-

7.

9.

10.

11.

12.
13.

14.
15.

sembles a loaded spring, whose release is triggered by 16.

conversion of PPto B. The rate of product release is
expected to be high for this binding mechanism and to
depend on factors that affect the conformational change.
Metal ions may be among these factors, but the mechanism
by which they might accomplish this role remains to be

elucidated.

The value ofK, for Mn-sgPPase (4Q«M) is five times
that for MgsgPPase (7.7uM). From eq 17,K, can be
expressed akm = Ki[1 + ka(1 + ko/ks)/ks]/ky, from which

it follows that the difference ik, values may be due to the
smallerk, value for MgsgPPase, which is not compensated

by smallerk; andks values (Table 4).
Interestingly, the values d&§/Kr, which best characterize

the catalytic efficiency of a PPase in cell, where the PP

concentration is expected to be less ti&n are not much
different for MnsgPPase and Mg-Y-PPase (89 vs 200!
s1). Moreover, the slightly smaller value d&/K for

sgPPase may be compensated by its smaller inhibition by

phosphate (se&p and Kp, values in Table 3), whose

concentration in cell is in the millimolar range. It should be
mentioned in this context that MsgPPase is expected to
be the predominant form of family Il PPases in cell because

bacteria containing family Il PPases (e B.,subtilisandS.
mutan$ accumulate MA" (38, 39).
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