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ABSTRACT: Five catalytic functions of yeast inorganic pyrophosphatase were measured over wide pH
ranges: steady-state PRydrolysis (pH 4.8-10) and synthesis (6-3.3), phosphatewater oxygen
exchange (pH 4:89.3), equilibrium formation of enzyme-bound RBH 4.8-9.3), and Mg binding

(pH 5.5-9.3). These data confirmed that enzyaiR intermediate undergoes isomerization in the reaction
cycle and allowed estimation of the microscopic rate constant for chemical bond breakage and the
macroscopic rate constant for;P&lease. The isomerization was found to decreasekhefiihe essential

group in the enzymePR intermediate, presumably nucleophilic water, frerid to 5.85. Protonation of

the isomerized enzymePR intermediate decelerates;Piydrolysis but accelerates RElease by affecting

the back isomerization. The binding of two Ktgions to free enzyme requires about five basic groups
with a mean [, of 6.3. An acidic group with alg, ~ 9 is modulatory in PPhydrolysis and metal ion
binding, suggesting that this group maintains overall enzyme structure rather than being directly involved
in catalysis.

Yeast Saccharomyces cerisia€) pyrophosphatase (EC The sequence of catalytic events in the active site includes
3.6.1.1; Y-PPasé)belongs to a group of enzymes that substrate (MgPRr Mg,PR) binding to preformed enzyme
catalyze reversible phosphoryl transfer from polyphosphatescomplex containing Mg at sites M1 and M2, isomerization
to water and are basic to cell energetics. Y-PPase is aof the resulting complex, PO bond breakdown by direct
homodimer containing 286 amino acid residues per monomerattack of water and stepwise dissociation of two phosphate
(1). The active site of Y-PPase contains 14 polar residues molecules (Scheme 1)10). The rate constants in Scheme 1
that structurally align very well with the corresponding can be estimated from steady state and equilibrium measure-
conserved residues in PPases fiescherichia col{(E-PPase)  ments (0—12).

(2), Thermus thermophilu®), andSulfolobus acidocaldarius PPase activity exhibits a bell-shaped dependence on pH.
(4). Y-PPase requires divalent metal ions for catalysis, with The jdentity of the ionizable groups responsible for this
Mg?* conferring the highest activitys] and is active with  gependence and the catalytic steps at which they participate
either three or four magnesium ions per active siteg). are unknown. A proposed candidate for the essential basic
Two d_|vale_n_t me_tal ions (M_l and M2) per active site have group is a Md*-coordinated hydroxide ion, a possible
been identified in the "resting” enzyme by X-ray crystal- ,cleophile attacking P&t theks step (L3, 14). This proposal
lography and four metal ions (M1-M4) and two phosphates g gnnorted by structural studies of Y-PPase showing a water
(P1 and P2) in the product complex of Y-PPa2eq). molecule or a hydroxide ion to be coordinated to the metal
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1Abb|:eV|at|ons:_ E-PPaseEscherichia coliinorganic pyrophos-' Y-PPase is better suited for the analysis of the pH
phatase; PPase, inorganic pyrophosphatasendétganic phosphate; . .
PR, inorganic pyrophosphate; Y-PPase, ye&gtocharomyces cere dependence of catalysis than E-PPase. First, E-PPase un-
siag) inorganic pyrophosphatase. dergoes dissociation into trimers at pt6.5 (18), with severe

10.1021/bi000895s CCC: $19.00 © 2000 American Chemical Society
Published on Web 10/14/2000



13932 Biochemistry, Vol. 39, No. 45, 2000 Belogurov et al.

Scheme 1: PHP Equilibration by PPase

ki .k ks ks Kz
(EM2)y === (EMn,oPP*)y === (EMpoPP); == (EMp,2P2); === (EM,1P); == (EMp),
k> ks K Ks ks

aE = enzyme, M= Mg?", PP= PR, P= P, n = 1 or 2. Subscript refers to all protonated forms of the indicated species.

consequences for activityl9), which precludes kinetic ~ Table 1: pH-Dependent Values of Dissociation Constants fot"Mg
analysis at acidic pH values, whereas Y-PPase preserves it&omplexes of PRand R in the Presence of 50 mM'R

structure down to pH 4.8. Second, the pH-optimum of Kaz? Kaz® Kg®
activity for Y-PPase (6.57) is lower than for E-PPase (8-5 pH (mM) (mM) (mM)
9), allowing a more comprehensive analysis in the alkaline 4.8 4.47 463 148
region. The results reported below suggest that hydrolysis 5.5 174 53.8 80
of the enzyme-bound PBecomes the rate-limiting step in Sg 8"1‘33 g'gz Zg 5
the acidic pH region and also show that the ionizable group 8.5 0.0102 204 6.1
modulating activity in the alkaline region is not essential for 9.3 0.004 44 2.01 6.0
catalysis. 10.0 0.003 56 2.00 6.0

a Definitions (the subscript t refers to total concentration, i.e., all
species having the stoichiometry shown without regard to protonation
EXPERIMENTAL PROCEDURES state): Ka = [Mg][PP]/[MgPR]; Kaz = [Mg][MgPP]/[Mg-PR]; Kg
= [Mg][Pi]¢/[MgP]].. ® Baykov et al. 24). ¢ Calculated on the basis of

- the value at pH 7.225—26), assuming that MgHP{s the only form
EnzymeY-PPase was purified from the overproductag of magnesium phosphate present atp5i5; at pH<5.5 formation of

COI| XLszUéo Stl’aln transformed W|th a VECtOI’ InC|UdIng the MgHZPQ+ with a dissociation constant of 190 mM was taken into
coding region of yeadPP1 gene under th&ac promoter as account 27).
described by Heikinheimo et ak@). Enzyme concentration

was calculated onlg/role basis of the subunit molecular MasSyf the volumes of the chambers with and without enzyme
of 32 kDa () andA,g, equal to 14.5%) or by the Bradford  \ya5 1:130, allowing precise control of free metal ion

(21) assay. _ _ concentration at its micromolar levels. Procedures used to
Methods PR hydrolysis was assayed by continuously measure enzyme-bound {PBrmation at equilibrium 12)
recording Rliberation with an automatic;Rnalyzer 22). and enzyme-catalyzed oxygen exchang@ (vere as de-

Enzyme concentration was varied in order to get comparablescribed previously.

absorbance values at different substrate and metal ion The following pH buffers were used in metal binding and
concentrations. PR hydrolysis studies (0.1 M ionic strength, 50 mMK

PR synthesis was assayed continuously by a coupled-except as noted: 95 mM acetic acid/KOH, 10@ EGTA
enzyme procedure2@), using ATP-sulfurylase to convert (pH 4.8); 63 mM MES/KOH, 37 mM KCI, 10&M EGTA
PR formed into ATP and luciferase to monitor ATP (pH 5.5); 40 mM PIPES/KOH, 1086M EGTA (pH 6.3); 83
formation. The assay mixture of 0.2 mL volume contained mM TES/KOH, 17 mM KCI, 50uM EGTA (pH 7.2); 90
20 mM potassium phosphate, 5 mM free Mg5 uL of mM TAPS/KOH, 5uM EGTA (pH 8.5); 52 mM TAPS/
luciferin/luciferase solution (Sigma ATP assay mix, catalog KOH, 48 mM CAPS/KOH (pH 9.3); 70 mM CAPS/KOH,
no. FL-ASC, reconstituted with 5 mL of water), 0.7 units/ 30 mM KCI (pH 10.0). The rationale for keeping™K
mL ATP-sulfurylase (Sigma), 1M adenosine-5phospho- concentration at a constant level was that forms a
sulfate, 1 mM dithiothreitol, 1 mg/mL bovine serum albumin, relatively tight complex with PR24), which might bind to
and buffer. The reaction was initiated by adding PPase, andenzyme. The media used in incubations with(&ygen
the time course of luminescence was followed with an LKB exchange and synthesis of free and enzyme-boupdieire
model 1250 luminometer. However, luciferase instability at prepared by mixing appropriate volumes of 100 mM potas-
pH 6.3 and 9.3 necessitated use of a two-step proceduresium phosphate, 100 mM Mgg&land the buffers mentioned
First, PR synthesis was carried out and the synthesized PP above, except that 20 mM acetic acid/KOH buffer was used
was converted into ATP in the assay mixture described aboveat pH 4.8 and appropriate volumekloM KOH were added
but lacking the luciferin/luciferase reagent, and second, theto neutralize protons released upon tgcetate complex
ATP formed was assayed at pH 8.0. To this end,uR0 formation.
aliquots of the incubation mixture were withdrawn at 5-min  Calculations and Data Analysid/alues of the apparent
intervals over 30 min, quenched with 30L of 1 M equilibrium constants used to calculate the concentrations
trifluoroacetic acid, incubated for-3 min at room temper-  of free Mg?", MgPR, and MgPR in the presence of 50 mM
ature, and neutralized with 3@ of 1.5 M Tris. A 20ulL K* at different pH values are presented in Table 1. At pH
aliquot of the resulting mixture was added to 0.2 mL of 0.2 4.8, M@ binding by acetate was taken into consideration,
M Tris-HCI buffer (pH 8.0) containing L of the luciferin/ using the apparent dissociation constant of 155 mM, which
luciferase solution and 3@0M EGTA, and the luminescence  was calculated from the pH shift caused by addition of MgCl
was measured. Care was taken that ATP-sulfurylase con-to the acetate buffer. Fitting of various equations to data was
centration was sufficiently high, so that R®nversion into performed using the program SCIENTIST (MicroMath) or
ATP proceeded at least 20 times faster thapf&fPnation. the program described by Dugglel®8].

Mg?* binding was assayed by equilibrium microdialysis ~ The dependence on [Mg and pH of Mg" binding to
in combination with atomic absorption spectroscopy to free enzyme and of the measured values of the catalytic
measure Mg content in the dialysis chambéi®).(The ratio constantl,) for PR hydrolysis is well described by Scheme
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Scheme 2: pH and Mg Dependence of PPase Catalysis of k, = {kl(']l) + kl(ﬁl)*KESF/[H+] +

PR Hydrolysis @ | RF + 24111 H
(A) Mg?* and H* Binding to Free Enzyme (kh + kh KES"/[H Mg ]/Kaz}/a (4)

Ken

HEM, == EM, Values ofkz were evaluated from eq 3.Q), wherevey is
1LKHM2 1LKM2 the rate o'f PHZQ oxygen gxchange at an arbitrary P
Kool concentration fep, is the equilibrium amount of enzyme-
H3EM === HEM =—= EM bound PPformed at equilibrium with solution Rtaken at
ﬂ TL " %M‘ the same conggntratioriiAB = ka/ks (sge Scheme 1). The
Ke® Ko partition coefficientP, = ki/(ks + ks) is estimated from
HeE = HE E oxygen exchange datd@). At pH >7.2,Kag > 25 (10) and
the term 1+ 1/Kag in the numerator could be neglected. At
(B) Mg?" and H Binding to Enzyme-Substrate Complex lower pH values, the species designated as,ERP* in
(6=P07) Scheme 1 becomes protonateti0)( As a result, Kag
proguet product decreases substantially anéig becomes comparable with
o k@ unity. In these conditions, the value dfas could be
HEM,S Res EM,S approximated byKeg[H™], where Kgs, the apparent acid
o o dissociation constant for the PEbntaining enzyme (the sum
Koo B 1L of EMn2PP* and EM.,PP in Scheme 1), is equal to
HpEM3S ~—= HEMgS —~—= EM,S 10754+02 M (10). This approximation makes use of the
e kml Wl observation that at p+6.3 the concentrations of EV,PP
ﬂ * ! " and of protonated EM.PP* exceed by far the concentration
HoEMpS P! product of deprotonated EM,PP* (10).
2. In this scheme, enzyme species lacking substrate are _ Ve1 — 0.7P)(1 + 1/K ) 5
assumed to be in equilibrium with one another, as are all 3T fepp(l — PYIE], ()

enzyme-substrate species. The very sharp decrease it Mg
binding as pH decreases below 7 is attributed to the Fitting of ks andkyp ot = vd/fepdElr as functions of pH was
involvement of the conjugate bases of five acidic groups, accomplished with eq 6, whepeis the apparent value &
which for simplicity are assumed to have the same ionization or kg, o, p°F, p™, andp"? are their values for deprotonated,
constantkeno. Three of these groups must deprotonate in monoprotonated, and diprotonated enzyme, respectiiely;
order to bind the first Mg and the other two must andKy, are the corresponding acid dissociation constants.
deprotonate to bind the second MgOther assumptions of
the model and details of the fitting procedure were as p + pK/[HT] + pMHTTK,,
described previously foE. coli PPase 17, 29). = n T
Values of the dissociation constants for Mdinding to 1+ Ka/H1+ [H VK,
two sites on Y-PPase at fixed pH were estimated by fitting RESULTS
equilibrium dialysis data to eq 1, where measures the
number of M@" ions bound per monomer and the parameters  Mg?* Binding Equilibrium dialysis measurements carried
Km1 andKy; are apparent dissociation constants at fixed pH. out at 0.5-2000uM free Mg?* concentrations have indicated
Equation 1 is a rearranged form of the Adair equation for the presence of two metal-binding sites per subunit over the
two sites. pH range 5.59.3 (Figure 1). Binding to both sites, as
characterized by the apparent dissociation constantsind
1+ 2[Mg2+]/KM2 ) Kwmz, was pH dependent (Table 2). Binding of M1 exhibited
n= P or a pH optimum, whereas binding of M2 appeared to progres-
1+ Ky /IMg™'] + Mg™ VK, sively increase with pH (Table 2).
- . . These preliminary conclusions were confirmed by com-
Fitting n as a function of both pH and [Mg], according ) ;ter modeling, which yielded a minimal binding scheme
to Scheme 2A, was accomplished by making the following gegcrining the whole set of data in Figure 1 (Scheme 2A)

(6)

substitutions: and permitted evaluation of the equilibrium constafis,,
Kit., Ki, Ken, andKy,, as well as of a lower limit foK
+ 5 + M1 P\m2r PNEH, EH. M1
Ky = ul 1+ (HVKen)” + Ke/H'] ) and an upper limit foKj,, (Table 3). The sharp increase in
1+ ([H+]/KEH2)2 both Ky, and Ky, in acidic medium (Table 2) is attributed
to the involvement of the conjugate bases of five acidic
g 1+ ([H+]/KEH2)2 groups, which for simplicity are assumed to have the same
Kz = Ky " 3 ionization constanKey (seeCalculations and Data Analy-
1+ Kgy/[H'] sis). Fits to the data were poorer if fewer than five groups

were involved, and were not improved by allowing depro-
Values ofk, as a function of both pH and [Mg] were fit tonation of HE and HEM to proceed with different
to eq 4, derived from Scheme 2B, wheae= 1 + Kesy dissociation constants. These five groups are presumably
[HT] + (@ + Kg/[HDIMg? VK, + (@ + K Mg?) active site Asp and Glu ligands of Mywhich have been
[H")/Keshz identified by X-ray crystallography2( 9). At neutral pH,
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Ficure 1: Scatchard plots of Mg binding to Y-PPase at fixed

pH values. Lines are drawn to eq 1, using parameter values found
in Table 3. Experimental conditions: [PPasel;300uM; [Mg?'],

0.5-2000uM. Values of pH are shown on the curves.

Table 2: Metal lon Binding Constants Estimated by Equilibrium

Dialysis

pH KMl CMM) KM2 (,MM)
55 210+ 30 1600+ 200
6.3 3.2+ 0.2 210+ 30
7.2 0.7+ 0.1 34+ 6
8.5 1.1+ 0.2 49+ 12
9.3 2.3+ 05 15+ 5
7.2 1.0+0.1 53+ 8

aMeasured in 0.1 M Tris/HCI buffer.

Table 3: Equilibrium and Rate Constants for Scheme 2

parameter yeast PPase E. coli PPas®
Ky (M) >10
K (uM) <4 24+ 3
Kﬂl (uM) 0.9+0.1 124+ 2
Ky (uM) 26+ 3 9000+ 1000
Ken 9.0+0.2 >10
BK’EH 9.2+ 0.2 7.4+ 05
pKeHz 6.27+ 0.02 7.11+ 0.05
Kaz (MM) 2.8+1.0 4.1+0.7
K, (mM) 0.8+0.3 >50
K2 (mm) 0.35+ 0.06 0.6+ 0.1
pKESH 7.6+0.1
Kesh 8.2+0.2 9.90+ 0.05
EKESHZ 6.4+0.1 7.17+ 0.04
qul) (s 770+ 130 <100
K2 (579 220+ 10 320+ 20
k,ﬁ]l)“ (s 84+ 3
ki@* (s 31+5

aBaykov et al. R9).

the monoprotonated enzyme species HE, HEM and HEM
predominate.

k, Dependence ofiMg?*] and pH At fixed free Mg"
concentration (0.0240 mM), the dependence of the hy-
drolysis rate on the sum of [Mgh&nd [MgPR] obeyed
the Michaelis-Menten equation, yielding thie, andky/Kn n
values shown in Figure 2. Computer analysiskgpflepen-
dence on [Mg"] and pH leads to Scheme 2B, having four
catalytically active species, the catalytic efficiencies of which
decrease in the order HE/8 > HEM,S > EM3S > EM,S
(Table 3). The bell-shaped curves near neutrality (pHs 6.3

Belogurov et al.
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Ficure 2: Dependencies &, andky/Ky, n for Y-PPase on [M§']

at fixed pH values. Values &§/K, are expressed in terms of the
sum of MgPR and MgPR concentrations. The lines fdg, are
drawn to eq 4, using parameter values found in Table 3. Values of
pH are shown on the curves.

and 7.2) largely reflect conversion of the catalytically inactive
complex HEM,S first to the most active complex HEM
and ultimately to the less active complex HEBA Similar
pH-profiles fork, measured at 20 mM Mg were previously
reported for several active site variants of Y-PPdsh. (At
lower pH (4.8 and 5.5) only an increase with increasing
[Mg?"] is seen (HEMS formation), since even 40 mM My

is insufficient to permit binding of a fourth Mg to the
enzymesubstrate complex. Finally, at basic pH (810.0),
even 10uM Mg?* is sufficient to bind three Mg to the
enzyme-substrate complex, and the decreask,ireflects
conversion of a mixture of the more active Hg3and EMS
complexes to the less active HE®Sand EMS complexes,
respectively.

ks and kot Dependence ofMg?*] and pH Equation 5
allowed evaluation ofs, the rate constant for chemical bond
breakage in Scheme 1, from three combined sets of data:
rates of RH,O oxygen exchangesy), distribution of the P
forms having different number (from zero to four) of
exchanged O atoms during the exchange (as characterized
by P), and the equilibrium amount of enzyme-bound, PP
formed at equilibrium with solution;®fe,p) (Table 4). Also
evaluated waspp ot = vdfepdE]r, the overall rate constant
for PR release from its two complexes with Y-PPase (see
Discussion). These evaluations were subject to two limita-
tions. Firstfeppcould not be accurately estimated at low#¥g
concentrations<2 mM) and at pH 10. Second, the ATP-
sulfurylase used ilms measurements was inactivated outside
the pH range 6.39.3.

Values ofks and ko, ot Show only small variations with
[Mg?*] but are clearly pH dependent (Table 4). The pH
profiles for ks andKkpp o1t @are shown in Figure 3A, in which
the lines are derived by fitting to eq 6. The pH profile far
is shown for comparison. At pH 4.8, the profiles tarand
k, approach each other, consistent with itastep becoming
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Table 4: Estimation oks andkyp ot for Y-PPase

[Mgz+] [Pi] Kn Uex/[E]t P. fepp Us/[E]t ks kpp,off
pH (MM (mM)° (s (s (%) (s C) (s
4.8 40 20 1142 0.1134+ 0.007 0.043+ 0.002 0.4+ 0.1 140+ 50
55 40 10 158t 5 48+0.1 0.052+ 0.007 1.90+ 0.2 450+ 60
55 20 10 178t 4 2.07£ 0.02 0.046+ 0.003 1.1+ 0.1 350+ 40
55 10 10 135+ 3 1.02+ 0.03 0.048+ 0.003 0.55+ 0.14 330+ 90
6.3 40 10 205t 7 74+ 1 0.1244+ 0.008 8.8+ 0.6 21+ 1 980+ 90 240+ 30
6.3 20 10 253t 14 71+ 1 0.121+ 0.002 6.7+ 0.9 14+ 3 12004+ 200 210+ 70
6.3 10 10 262t 10 48+ 1 0.093+ 0.003 3.9+04 5.6+ 2.0 1400+ 200 140+ 40
6.3 5 10 251412 30+1 0.074+ 0.002 2.0+ 0.1 2.8+0.3 1720+ 130 140+ 20
7.2 20 2 2316 56+ 3 0.35+ 0.04 4.7+ 0.5 1.39+£0.01 1360+ 300 30+ 3
7.2 10 2 276+ 5 4441 0.3424+ 0.003 3.9+ 0.2 1.23+ 0.05 1270+ 80 31+ 2
7.2 5 2 302+ 9 27+ 1 0.293+ 0.007 2.76t 0.02 0.94+ 0.04 1060+ 40 34+ 2
7.2 2 2 294+ 10 10.9+ 0.4 0.265+ 0.006 1.18+ 0.05 0.39+ 0.05 1000+ 90 33+ 6
8.5 20 2 93+ 3 31+1 0.3144+ 0.004 59+ 05 0.38+ 0.02 590+ 60 6.5+ 0.9
8.5 10 2 96+ 4 35+1 0.33+0.02 7.0+£0.2 0.37+£0.01 570+ 60 5.2+ 0.3
8.5 5 2 102t 2 33+1 0.337+ 0.004 6.1+ 1.0 0.39+ 0.02 610+ 120 6.3+ 1.3
8.5 2 2 127+ 4 22.4+0.16 0.333t£ 0.003 4.3+ 0.8 0.312+ 0.002 580+ 110 7.2+1.3
9.3 20 1 56+ 2 5.6+ 0.2 0.204t 0.001 2.2+ 05 0.073+ 0.002 270+ 60 3.3+ 0.7
9.3 10 1 68t 4 8.3+ 0.3 0.26+ 0.02 3.0+ 0.5 0.061+ 0.003 300+ 70 20+ 04
9.3 5 1 75+ 2 8.0+ 0.1 0.2344+ 0.003 2.6+ 0.1 0.059+ 0.003 340+ 20 2.3+0.2
9.3 2 1 79+ 1 7.0+ 0.2 0.269+ 0.004 1.86+ 0.15 0.049+ 0.002 410+ 50 2.6+0.3
7.8 20 2 250+ 15 30+ 3 0.3174+ 0.009 2.1+ 05 0.67+ 0.05 1600+ 600 32+ 10

a Concentration of free iorf. Total concentration of jRused in measurements af, Pc, vs, andfep, © Estimated with eq 5¢ Measured in 0.1 M

Tris/HCI buffer.
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Ficure 4. Buffer effect on the M§" concentration dependencies
of ky/Km for Y-PPase at pH 7.2. Open circles, 0.1 M Tris/HCI;
open triangles, 0.1 M TES/KOH.

Ficure 3: Dependencies d§, Kyp orr, ks, andP; on pH Parameter

values are from Table 4 and averaged over thé&Mgncentration
range used. The lines féip, o, ks, andP. are drawn to eq 6, using
parameter values found in Table 5 (see text for details).

exclusively rate limiting in PPhydrolysis. The pH profile
for ks indicates a requirement for a basic and an acidic groups
with pKs of 5.85 and 7.9, respectively. The pH-profile for

larger effects seen oB. coli PPase Z9). Neitherky nor ks
were affected (Table 4). The [Mg dependence of/Kmn

for recombinant Y-PPase in the presence of Tris (Figure 4)

Kpp.off cOuld be well described by assuming two acidic groups p|scuUsSION
with the same K, values (5.85 and 7.9) and three nonzero
rate constants corresponding to the three protonation states The minimal scheme of pyrophosphatase catalysis pf PP

of the enzymePR species (solid line in Figure 3A). Assum-

was quite similar to that reported previously for Y-PPase
isolated from normal yeas8). The [M¢?"] dependencies
of k, were also very similar.

hydrolysis (Scheme 1) involves Mg binding to multiple

ing only one acidic group resulted in a poorer fit in the sites on enzyme, substrate binding, isomerization of the
resulting complex, substrate hydrolysis, andréease. In

alkaline medium (dotted line in Figure 3A).

Buffer Effect on ¥°Pase Most previous work on Y-PPase

the present work, we measured the pH dependence of some

was done in Tris and similar amino alcoholic buffers, which, of these steps to estimate th&pvalues for the protein
by contrast with the zwitterionic buffers used in the present groups involved. Below we correlate this information with

work, markedly affect metal ion and substrate bindingtto

coli PPaseZ9). The data presented in Table 2 and Figure 4 previously @).

show only modest Tris effects on Mligbinding constants

the three-dimensional structure of the enzyme reported

Mg?" Binding As determined by X-ray crystallography,

andk/Km for Y-PPase at pH 7.2, which contrast with the the two activating metal ions which bind to the active site
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of Y-PPase in the absence of substrate occupy the sites M1

and M2. At the M1 site, both Mit and Mg* are coordinated 1.0 1

to three Asp residues (115, 120, and 152) and via water to = e
Aspl17 @, 9, 31). For the M2 site, data are only available % 08

for Mn?* ion, which is directly coordinated only to Asp120 2 pHE
and via water to Glu48 and Aspl112)( The binding data 5_ 0.6 -

reported above indicate the requirement for three ionizable [

groups in M1 binding and two more in M2 binding and are 5 04 4 pH

thus in a good agreement with the structure. The méan p §'

value of these groups derived from the binding data (6.27) 2 o2

is quite high for a carboxylate, but again is in accordance - pH>8

with the structure: the negative charge density is quite high 00

in the active site and most of the carboxylates can participate T oot o4 1 10 100

in hydrogen bonding in the apoenzyn 9, 31). The five 2
unprotonated groups required for Kgbinding may be thus Mg™} (mM)

metal ligands. By contrast, the group with lgof 9.0-9.2 Ficure 5: Distribution of PP between mono- and dimagnesium
facilitates binding when in the protonated form, ruling out Comp'exleslasg;“m“%” %f. pc'j'.' and Rﬁgconc?ntraépn.BThek lines |
its bei tal ligand. This aroun is likelv to control the were calculated from the binding constants listed in Baykov et al.
Its being a metal ligand. group y ! (24).

overall protein structure, consistent with the observation that

deprotonation of this group induces positive cooperativity Scheme 3: lonizations of Reaction Intermediates in PPase

in M1 and M2 binding K}, > K, whereasKyy, < Kfj,; Catalysis
Table 3). The same group, having légan = 7.6, appears to EMz EMn.2PP EMn.2P2
)
control Mg?* binding in the en_zymesubstrate compl_ex, as 1L 92 1L 79 “ ,
suggested by the observation that its protonation also
increases Mg binding affinity (Kaz > Kgg). The identity of HEMz === HEM,,,PP* === HEMn,2PP === HEM,, 0P, —=
this group in the Y-PPase structure remains to be determined. 1L L
. . . . >7.0 5.8 ?
The high affinity of the M1 site for M§" explains the 1 1L
reported difficulty in removing magnesium from Y-PPase HoEM,,,oPP* ~— HoEM,,,PP HoEMp,2P5

by dialysis in the absence of EDTA3%), as well as the
observation that Y-PPase crystals grown in the absence oftaple 5: pH Profile Parameters Estimated with Bq 6
added metal salt contain Mgat site M1 B1). Y-PPase may

- . H2 H OH K K
be thus considered to be a Mg-metalloenzyme. Partial Op 1500'1 300 29;; 2 52:0 3 72;() 3
occupancy of the M1 site in the enzyme preparations used kppor 6304250 16+ 11 21+11 58 7

in fluorescence titrations of Y-PPas&3(-34) may explain P. 0.04+0.01 057+0.04 0.22£0.01 7.0+0.1 8.2+0.1
why this method gave a nearly 30-fold greaten value at

pH 7.2-7.4 compared to the value obtained in the present
study. This explanation is supported by the observation that
EDTA had a large opposite effect on Y-PPase fluorescence
by comparison with Mg (32).

2 Units for ks andkyp o are s*. ® Constrained at this value.

rationalization of the complex pH and [Md dependence
of this parameter (Figure 2) in terms of discrete effects on
individual rate constants is beyond the scope of our present

There are two major differences in the Rigbinding results.
properties of Y-PPase and E-PPase. First, Y-PPase binds only
two Mg?" ions in the active site while E-PPase binds, in ki, kiKa
addition, one Mg" ion per pair of subunits in the subunit K, h= Ko[1 + kg/ko(1 — P)] (7)

interface (9). Second, Y-PPase binds metal ions to the M1

and M2 sites 37- and 190-fold more tightly, respectively, | the enzyme substrate complex, P& coordinated to
than E-PPase at pH 7.29). The difference between Y-and | four metal ions shown in Scheme 2B, @), consistent
E-PPase in the affinity to M1 may be explained by theM1  ith hoth monomagnesium and dimagnesium complexes of
Asp120/70 dlstan_ce in monomagnesium enzyme being muchPR’ formed in comparable amounts under physiological
shorter (2.11 A) in Y-PPase{) than in E-PPase [3.22 A onditions (Figure 5), being substrates for PPase. It should
(35)]. In E-PPase part of the binding energy may be used 10 pe noted that none of the substrate species is bound intact:
decrease the M2Asp70 distance to 2.19 A, as determined a metal ion is coordinated to three oxygens of PPthe

in the EMg s structure 86). M2 binding in E-PPase may  ¢rystal structure of MgPR (38) and to only two oxygens in
also involve a conformational change, as suggested by a largghe enzyme substrate complex2( 9).

change in Tyr absorbance upon the bindirgy)( As a Substrate Corersion Scheme 3 summarizes all the
consequence of low affinity of the M2 site in E-PPase2Mg  jonizations seen in the reaction intermediates and the
PR is more important as substrate for this enzyme. respective [, values. The H, value shown for EMwas

ko/Kmn and Substrate Bindingn earlier kinetic analyses  obtained from the analysis of Mg binding (g, in Table
of PPase, based on a scheme that did not include the specie3), the K, values shown for EM.,PP were deduced from
EMn2PP* (17, 29), ki, the rate constant for substrate binding, the pH-dependence & (Figure 3A and Table 5), and the
could be equated t&/Kmn However, for Scheme 1 the pK,value shown for EM;,PP* was obtained from studies
expression forky/Kmn is more complex (eq 7), so that of fluoride binding to Y-PPase during catalysis0)f. A
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completely deprotonated EM,PP* species, may also exist,

but we have no evidence for that. The ionizations shown

for HEM,,+2P, are evident from the bell-shaped pH depen- 200 1
dence ofP. (Figure 3B), which is a function ok, and ks,

both referring to HEM,P,. However, as. depends on both 150 4
ks and ks, the K, values derived with eq 6 from the
dependence d®. on [H] and shown in Table 5 include the
rate constant&, and ks for EMy 2P, HEMy;2P2, and H- 100 1
EM,+2P, and are thus apparent, as demonstrated previously

for an analogous dependenceRyfon [Mg?'] (39). ThatP, 50 -
tends to a nonzero value of 0.22 at increasing pH indicates 02 0.01

that the EM2P, species is catalytically active, i.&, and 0.05 0
ks are greater than zero for this species. This means that
protonation of EM+,P, to form HEM,,P, is modulatory
rather than essential for catalysis. This and similar effects
of proton removal from HEM (modulation of metal ion Ficure 6: pH dependencies &, simulated with eq 4. Parameter
binding) and HEM,PP* (modulation ofks) are likely to  Values were taken from Table 3, except K andk(?, for which
result from a change in protein structure and may be the values shown in Table 3 were further multiplied by the factors

. ' . shown at the curves. Mg concentration was fixed at 20 mM.
controlled by a single protein group, whoskps affected o o
by active site bound ligands. most efficient among them, indicating that Mgfs$*hydro-

An important conclusion stemming from comparison of lyzed more rapidly than MgR. Binding a fourth metal ion
the [K, values in Scheme 3 is that substrate binding and OF removing a proton both decreake the effects being
isomerization of HEM.,PP* to HEM,.,PP facilitate removal addltlve_(TabIe 3). The three-Mg route is also faster in PP
of proton from the essential basic group by increasing its Synthesis, whereas/R.O oxygen exchange and enzyme-
acidity. The most likely candidate for this group is a water Pound-PPformation are most efficient with four Mg ions
molecule bridging the metal ions M1 and M2 and, presum- bound 8). Thatu_S/[E]t monotonically increases with increas-
ably, acting as the nucleophile at tkestep @, 13, 14). In ing [Mg*"] at fixed total R concentration (Table 4) is
this case, substrate binding and the isomerization of the 8xplained by the increase in the concentration of MgP
resulting complex both serve to activate the nucleophile by complex, which is weakly bound substrate in the synthesis

k(")

0.5

converting it into a more reactive hydroxide. reaction. ,

Unlike other functions, the rate of PRlease from its two The multiplicity of active enzymesubstrate complexes
complexes with Y-PPast, 1) increased dramatically with provides an alternatllve explanation for' the o_bserve_ltlon th_at
decreasing pH (Figure 3A). In terms of Schemekd,of conservative mutations of many active site residues in
estimates the lower limit fok, (corresponding tde > ko, Y-PPase 14) and E-PPase_l(B) increase by several units the
k) and is given by eq 8, which can be reducedgos ~ apparent [, of the essential basic group seenlqrversus

ke/(1 + ka/ko), asko/ks > 50 (10). The ratioka/k, is close to pH profiles o_btained at 2Q mM I\ﬁg._lt was suggested that
unity at pH 7.2 (0), but a substantial effect dgy,or might this effect arises from an increase in a prgsumably Ima( p
result if ka/k, would change with pH. However, parameters of the nucleqphlllc water pecause of dlsto_rtlon of the dellqate
ka and k, refer to the same intermediate (EMPP* in network_ of _mteractlons m_the ac_tlve _S|t¢._ An alte_rnatlve
Scheme 1) and their ratio is expected to be pH independent.SUQQeSt!O” is that the va_rlants with significantly distorted
If so, the pH dependence &, o mirrors that ofks. The active site _structure require the_ whole complement of the
correctness of this assumption is proven by the finding that four metal ion to restore catalytically competent structure,
the pH-profile ofky, ot is perfectly described by a pH-function but are inactive with three metal ions bound (I.léllz and
containing only theé, values for EM.PP, to whichcg refers kﬁl)* in Scheme 2B are equal to zero). As shown in Figure 6,
(Figure 3A). Thus, the reverse isomerization step (rate canceling the three-metal route suffices to shift the pH
constantkg), which is rate limiting in PPrelease, proceeds dependence by about 2 pH units, decrease the maxikgum
most rapidly from HEM,,.,PP, whereas RRydrolysis (rate value, and eliminate the decreasekjnat high pH, as was
constantks) proceeds most rapidly from HEM,PP (Table observed for a number of Y-PPase variartd)( In ac-
5). As a result, proton binding to HENLPP stimulates RP  cordance with this suggestion, several E-PPase variants with
release over its hydrolysis. A similar proton switch may elevated basic groug are active only with four metal ions
operate in the mechanism offHiriven enzyme-catalyzed bound (2, 16). Of course, it is possible that both suggested
synthesis of PR40) and ATP @1) in membrane systems. mechanisms are operative in particular PPase variants.
To sum up, the pH dependence of Y-PPase catalysis
kp _ 1 (8) suggests that the isomerization of the enzyfPReintermedi-
POt 1/kg + 1/, + KoKk, ate activates the water nucleophile by decreasindfsnom
> 7.0 to 5.8. Deprotonation of another group, withig, pf
Earlier kinetic analyses performed at a fixed pH 7.2 8—9, modulates this and several other steps, presumably
showed that catalysis of PRydrolysis proceeds with either  through a change in protein structure.
four or three metal ions boun@&,(11). Here we demonstrate
that the reaction involves as much as four catalytically REFERENCES

competent enzymesubstrate complexes over wide ranges 1. Kolakowski, L. F., Sctilsser, M., and Cooperman, B. S. (1988)
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