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ABSTRACT: Glutamic acid 20 is an evolutionarily conserved residue found within the active site of the
inorganic pyrophosphatase &scherichia coli(E-PPase). Here we determine the effect of E20D
substitution on the quaternary structure and catalytic properties of E-PPase. In contrast to wild-type enzyme,
which is hexameric under a variety of conditions, E20D-PPase can be dissociated by dilution into nearly
inactive trimers, as shown by electrophoresis of cross-linked enzyme, analytical ultracentrifugation, and
measurement of catalytic activity as a function of enzyme concentration. Hexamer stability is increased
in the presence of both substrate and?Wgs maximal at pH 6.5, and falls off sharply as the pH is
lowered or raised from this value. Measured at saturating substrate, 20 nf¥anid pH 7.2, E20D
substitution (a) decreases activity toward inorganic pyrophosphageh§®ffolysis and oxygen exchange
between water and inorganic phosphatg, () increases the rate of netiRynthesis, and (c) decreases

the amount of enzyme-bound RP equilibrium with R in solution. Measurements of P®/drolysis rate

as a function of both Mg concentration and pH for the E20D variant show that its decreased activity is
largely accounted for on the basis of an increadégad the catalytically essential base at the active site,

and the need for a Mg stoichiometry of 5 in the enzymesubstrate complex, similar to what is seen for

the D97E variant. By contrast, wild-type PPase catalysis over a wide range?ofddgcentration and

pH is dominated by an enzymsubstrate complex having a total of four Rfgons. These results are
consistent with a supporting role for Glu20 in PPase catalysis and demonstrate that even conservative
mutation at the active site can perturb the quaternary structure of the enzyme.

Soluble inorganic pyrophosphatase (EC 3.6.1.1; PPase an almost perfect octahedron formed by two trimers.
is a ubiquitous enzyme, known to be essential for cell growth Although catalysis by E-PPase is a complex function of both
and having an active site structure and catalytic mechanismMg?" concentration and pH, its catalytic properties over a
that is highly conserved evolutionarily (Cooperman et al., wide range of conditions are well accounted for by Scheme
1992). The simplicity of its substrate makes this enzyme 1 (Baykov et al., 1996), whergis equal to 2.
an attractive model for enzyme-catalyzed phosphoryl transfer The catalytic mechanism of soluble PPases involves a

(Knowles, 1980; Herschlag & Jencks, 1990). group of 15 conserved active site residues, identified by

Escherichia coli PPase (E-PPase) is homohexameric : ;
(Wong et al., 1970) containi(n 175 ar)nino acid residues ersequence analysis of PPases from several organisms (Coop-
9 N ! 9 PeT erman et al., 1992), as well as high-resolution X-ray

monomer (Lahti et al., 1988). The hexamer is arranged ascrystallographic structures of PPases, not only fiemcoli
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Scheme 1: Minimal Scheme of E-PPase Catalysis

Ky 1S

Mg,E + Mg,PP; ~ Mg,EMg,PP; ~ Mg,E(MgP;)2
2 4

& Ky = kalkz; Kz = kalks; Ks = ks/ks; K7 = ki/ke.

EXPERIMENTAL PROCEDURES

Enzyme. The expression and purification of wild type
PPase (WT-PPase) and E20D-PPase from overprodé&cing
coli HB101 strain transformed with suitable plasmids derived
from pUC19 were carried out as described by Lahti et al.
(1990). E20D-PPase obtained in this way is contaminated
with about 0.5% (by weight) endogenous, chromosomal-
encoded, WT-PPase (Kglaet al., 1995), which would have
only negligible effects on most of the kinetic and binding
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Ks k7
—— MgEMgP; ——— MgE + MgP;
K kg

+ MgP;

Table 1: Sedimentation Coefficieats

SZO,W
pH [MgCl;] (mM) E20D-PPase WT-PPase
6.5 20 59+0.1
7.2 1 ~6° 6.2+ 0.2
8.5 1 3.3£0.2 5.9+0.2
8.5 20 6.0+£ 0.2 6.1+ 0.3

2 Measured at 1M protein concentratior? Apparent heterogeneity;
the value given refers to the major component.

parameters determined in this work. E20D-PPase used in

the studies of hydrolysis kinetics was freed from even traces
of WT-PPase by gel filtration on a Sephadex G-100
(Pharmacia) column in 0.05 M TrHCI (pH 7.2) at 4°C.
E20D-PPase exists in trimeric form under these conditions
(Velichko et al., 1995) and is retarded on the column relative

abec

to hexameric WT-PPase. D97E-PPase was prepared free of

endogenous WT-PPase contamination as describguy(&a
et al., 1995).

Stock E20D-PPase solutions, except as noted, were made

in 0.1 M MES-Tris buffer (pH 6.5) containing 20 mM
MgCl, and 50uM EGTA and were preincubated for at least
1 h at 25°C before use. Enzyme concentration was

estimated on the basis of a subunit molecular mass of 20

kDa (Wong et al., 1970). Protein was determined according

to Bradford (1976). Except as otherwise indicated, PPase

activity was assayed in a medium containing 0.1 mM BP
mM MgCl,, 50 uM EGTA, and 0.1 M Tris-HCI (pH 9).

Kinetic and Binding AssaysRates of PPhydrolysis, PP
synthesis, and oxygen exchange betwéé@]p, and HO
were determined as described in Baykov et al. (1996), as
were the amounts of enzyme-bound PRequilibrium with
medium Pand Mg+ and equilibrium dialysis measurements
of Mg?" bound to E20D-PPase. Unless otherwise indicated,
Tris-HCI buffers were used to maintain pH, at concentrations
maintaining the ionic strength at 0.48.20 M. EGTA (50
uM) was included in all solutions containing enzyme. All
experiments reported were carried out at°25

Cross-Linking and ElectrophoresisCross-linking of
PPases with glutaraldehyde and subsequent-SEX$sE
analysis were carried out as described in Baykov et al.
(1995). Protein bands were visualized with Coomassie Blue

94 —
67 —

43 —

30 —
E

Ficure 1: SDS-PAGE analysis of WT-PPase and E20D-PPase:
(a) intact E20D-PPase; (b) cross-linked WT-PPase; (c) cross-linked
E20D-PPase.

lability (Velichko et al., 1995), and that the latter effect was
due to a dissociation of hexameric PPase into trimers, as
shown by sedimentation velocity analysis. Evidence for the
formation of trimers at 25°C comes from SDSPAGE
analysis of both E20D-PPase and WT-PPase subjected to
glutaraldehyde treatment at pH 8.5 in the absence of"Mg

As seen in Figure 1, the predominant form of the cross-linked
E20D-PPase is trimeric and no band corresponding to
hexameric protein is observed. In contrast, cross-linking of

R-250. The standard proteins were carbonic anhydrase (30WT-PPase yields bands corresponding to both trimeric and

kDa), egg albumin (43 kDa), bovine serum albumin (67
kDa), and phosphorylade (94 kDa).

Sedimentation. Sedimentation velocity measurements
were carried out at as described in Baykov et al. (1995).
The solutions contained 10 mM enzyme, varying MgCl
concentration, 5«M EGTA, 0.5 mM dithiothreitol, and
either 0.1 M MES-Tris (pH 6.5) or 0.05 M Tris-HCI (pH
7.2 or 8.5).

RESULTS

Dissociation of E20D-PPase into TrimersPrevious

hexameric forms. The sedimentation results presented in
Table 1 demonstrate that trimers formed by E20D-PPase at
25 °C are characterized by a sedimentation coefficient of
3.3 and that trimer formation is favored by low FKig
concentration and high pH. By contrast, WT-PPase is
predominantly hexameric (sedimentation coefficient-5.9
6.2) under all conditions tested, in accord with the data of
Wong et al. (1970).

The E20D-PPase Trimer Has Low Specific Aityi. The
specific activity of E20D-PPase depends markedly on
enzyme concentration (Figure 2). By contrast, the specific

studies indicated that E20D substitution in E-PPase increasedactivity of WT-PPase at pH 7.2 is constant over the

Nile Red binding (at pH 8.0 in the absence of ¥y
electrophoretic mobility (Salminen et al., 1995) and cold

concentration range 0-550 uM. The results for E20D-
PPase can be accounted for quantitatively by eqgscla
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on dilution. (A) Time courses of the inactivation in the presence
FiGure 2: Specific activity of E20D-PPase preequilibrated at of 0 (0), 1 (@), 2 (2), 5 (a), 10 @), and 40 &) mM MgCl,.
different enzyme concentrations at pH 7.2 or 8.5. Preincubations Stock enzyme solution (25 mM, pH 6.5) was diluted 500-fold into
were for 5 h at pH 7.2 or 0.5 2 h at pH 8.5 in the presence of  a solution containing 0.22 M Tris-HCI, pH 7.2, 50 mM dithio-
0.05 M Tris-HCl and 1 mM MgGl The lines are drawn according  threitol, 50uM EGTA, and varied levels of MgGl incubated for
to egs 2&-c, using the best-fit parameters shown in Table 2. indicated time intervals at 28C and assayed for residual activity.
The curves represent the best fit for eq 3. (B) Dissociation rate

Scheme 2 constant, as calculated from (A), againstagoncentration. The
K line is drawn to eq 4, usingy = 4.0 mM andkg jim = 0.108 il
H 2T
a T L T T T
a Ky = kylka 100 < -
\A
Table 2: Rate and Equilibrium Constants for Scherhe 2 = 8ol ™ i
pH  ka(h™°  ka(MmM™*h™)  Ke@M) Ai(sh) Ar(s™) :;
6.5 0.30+0.05 £ el i
7.2 0.85+0.14 1.7+£0.8 0.46+ 0.15 112+ 3 5.6+ 3.7 S
8.5 420+ 30 1.6+ 04 262+ 46 78+ 15 2.0+ 0.4 =
aMeasured at 1 mM M. ® Measured following a 220-fold dilution 5 40F 7
of 11 uM enzyme which had been preequilibrated at pH 7.2 in the 7 L
presence of 1 mM M. ~ \B
20 | _
which are derived from the hexamerimer equilibrium :/ S
depicted in Scheme 2 (Kurganov, 1982). Hdteandk, 04— : ‘ : .
. .. L. 5 6 7 8 9
are dissociation and association rate constants, the hexamer . '
H and trimer T have specific activities of, and Ar, Preincubation pH

respectively, o eqis the fraction of enzyme in the hexameric  FIGURE 4: Effect of preincubation at different pH values on the
activity of WT (O) and E20D-PPasa( ®). Stock enzyme solutions
— _ (50 mM, pH 6.5) were diluted 200-fold into solutions of varying
A=At (A =~ ArdOeq (12) pH as indicated on the abscissa, incubated for 1&)sf 20 min
(O, ®) and assayed for residual activity. The activity measured

O eq= 6[HV/[E], = (z— 1)/(z+ 1) (1b) without any preincubation in the absence of substrate (11€os
E20D-PPase and 205 sfor WT-PPase) was taken as 100% in
z=(1+ 8[E]t/3Kd)1/2 (1c) each case. The buffers used were 0.1 M MESs (pH 5-6.5) or

Tris-HCI (pH 7-9) and contained 1 mM Mgghnd 50uM EGTA.

form at equilibrium, and [E]is total enzyme concentration, Second, shifting a 2aM solution of E20D-PPase from pH
expressed in monomers. ValuesAf, Ar, andKy at pH 8.5, 1 mM Mg™, where it has only low specific activity
7.2 and 8.5 were estimated by nonlinear regression analysig5% of hexamer), to pH 7.2, 1 mM Mg, results in an
of the data shown in Figure 2K4 was found to increase  activation to 80% of the hexamer activity, as predicted from
from 0.46uM at pH 7.2 to 262uM at pH 8.5 (Table 2). At the values derived foKg, Ay, andAr.
both pH values, as well as at pH 9.0 (data not shovan)s Stabilization of Hexameric E20D-PPaseThe results
0.05A. presented in Figure 3 and Table 1 clearly demonstrate the
Two additional observations are consistent with the notion stabilization of the hexameric enzyme by relatively high
that E20D-PPase inactivation on dilution is caused by concentrations of Mg. At low (1 mM) [Mg?'] enzyme
reversible enzyme dissociation. First, the effects of pH and activity, and hence hexamer stability, is maximal at pH 6.5,
Mg?* concentration on activity (Figures 2 and 3) parallel and falls off sharply as the pH is lowered or raised from
their effects on the sedimentation coefficient (Table 1). On this value (Figure 4). First-order rate constants for E20D-
the basis of Figure 2, the fraction of the hexameric form is PPase inactivation (dissociation) at three pH values (Table
about 80% at pH 7.2 and only 1% at pH 8.5 ad\ protein 2), estimated from time courses of activity following enzyme
concentration, in agreement with the sedimentation results.dilution using eq 2 (Kurganov, 1982), lead to the conclusion
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Table 3: Rates of RBSynthesis Catalyzed by E20D-PPase and
D97E-PPase

variant [MgR] (mM) vs (7Y ks (s71)
E20D 21 34 53
E20D 28 4.6 6.5
E20D 35 53 7.1
D97E 20 0.132 0.174

aMeasured at pH 7.2 and 20 mM Mg

Table 4: Kinetic Parameters fofr-FH,O Oxygen Exchange
Catalyzed by E20D-PPakse

total Mg?* (mM) free Mg?* (mM) P. vex (7Y
2 0.63 0.076 0.092
5 1.7 0.076 0.66
10 3.8 0.065 2.3
20 9.5 0.067 3.3
30 16.7 0.061 6.2
34 20 0.078 6.3
50 34 0.069 6.8

aMeasured at pH 7.2 and 20 mM total ¢édncentration.

that pH effects orKy parallel those orkg.

Ay = (O eq+ € V(L + 0ty o 2 @)

Substrate PPor its Mgt complexes, also stabilizes the
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Ficure 5: Formation of enzyme-bound Pty E20D-PPase at pH
7.2. The free M@" concentration was fixed at 1@J, 20 (»), or

50 @) mM. Lines are drawn to eq 5. The points shown are the
average of two to five measurements.

shown in Scheme 1 for WT-PPase, as well as some for
D97E-PPase (Baykov et al., 1990, 1996 pkka et al., 1995).
In addition to steady-state rates of;Pidrolysis ¢y), these
involved measurements of steady-state rates p§yRhesis
(vs) and R—H,O oxygen exchangeuv{), as well as of

hexamer. Thus, although incubation of enzyme at pH 8.5 equilibrium enzyme-bound PEEPR) formation, as a func-

with 1 mM Mg?" prior to PR addition results in rapid
inactivation €,» ~ 10 s), addition of 0.1 mM RRt various
times during such incubation leads to strictly linear Pi
formation for at least 3 min, i.e., no further inactivation
occurs following PPaddition.

Analysis of the protection afforded by Mg against
enzyme dissociation (Figure 3) according to eq 3, wheke
is the value ofky at saturating [Mg'], affords an estimate
of a dissociation constant for Mg binding, Ky, of 4 + 2
mM.

kg = K/ (1 + Mg VKy,) 3
Hexameric E20D-PPase Catalysis of iP#; Equilibra-

tion. Rate and Equilibrium Constants at pH 7.2 and 20 mM

tion of [MgP]. Here we use the same approach to evaluate
the same constants for hexameric E20D-PPase and extend
the measurement of Yo D97E-PPase. The experiments are
carried out at 20 mM Mg and pH 7.2 for direct comparison
with results obtained earlier with WT-PPase and D97E-
PPase.

Values forKs, Ks, andK; were determined by fitting the
observed dependence of ER&mation to eq 4, in which
[E]: refers to the total enzyme concentration in solution and
[EPPI] refers to the total concentration of all forms of
enzyme-bound RRFigure 5).

[EPRVIE], =
1/(KsKsK/IMgP]? + KKJ/[MgP] + K, + 1) (4)

Mg?*". Earlier we evaluated all rate and binding constants Values of the catalytic constants for ;Pinthesis Ks) and

Table 5: Rate and Equilibrium Constants for PPase Catalysis

parameter WT-PPa%e E20D-PPase D97E-PPase
Km (uM) 3.54+05,2.1+ 0.2 16+0.1 1.8+ 0.2
kn (57 155+ 8 38+ 2 12+1
ks (S 2.0+ 0.5 6.3+ 0.5 0.174+ 0.015
kex (579 116+ 21 116+ 1.5 0.34+ 0.03
Pc 0.24+0.03 0.068+ 0.007 <0.01
Ky (M) 2.3+0.6 0.31+0.20 0.19+ 0.08, 0.67+ 0.29
Ks 5.8+ 0.6 12+ 2 56+ 6
Ks (MM) 7.4+1.2 8+ 5 5.7+ 1.6
K7 (mM) 1.6+0.2 3+2 2.5+ 0.7
ki (uM~1s™Y) 46+ 5 49+ 14 144 5°
ke (S°9) 20+5 1604+ 70 21+ 5°
ks (s7Y) 800+ 180 150+ 40 19+ 2
ke (s79) 1404 30 13+ 2 0.34+ 0.09
ks (s71) 440+ 110 180+ 40 >45
ks (MM~1s7%) 59+ 17 22+ 18
ks (s7) 400+ 100 74+ 26 >45
ks (MM~1s71) 260+ 70 27+ 50

aMeasured at pH 7.2 and 20 mM Kig ® Measured by Kpyla et al. (1995), except as notedHexameric formd Measured by Baykov et al.
(1990).2 This work. k; was calculated from eq 10k; is equal to (1+ ko/ks + koka/ksks)kn/Km (Baykov et al., 1996).K; is equal toki/ks.
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B T Table 6: Equilibrium and Rate Constants for Scherfe 3
WT-PPask E20D-PPase D97E-PPask
% Km1 (MM)® 0.080+ 0.003 0.12+ 0.02 0.076+ 0.02
oL i Kmz (MM)® 1.740.2 6+ 2 1.9+0.1
Kms (MM) 25+ 6 21+5 61+ 40
N ki@ (uM~1s™) 167+ 16 21+6 2+0.6
- k® @Mts?l)  nd 320+ 60 80+ 40
= k@ (s7Y) 12 <5 1.4+0.8
L ° il k® (572 <2 280+ 140 27+ 13
Kaz app(MM) >50 15+ 2 6.3+ 0.9
K243 (MM) undetected 123 17+ 6
0.1 1 KHas (MM) >50 <10 <30
KM@ (MM s71)  >10000 20+ 9 100+ 30
ool 0 P Knapd? (571) 139 0.9+ 0.3 0.9+ 0.2
0 1 2 3 4 5 00 05 1.0 15 20 kn@ (s71) 199+ 8 >2.5 >49
L S
s undetecte
FiIGURe 6. Michaelis-Menten parameters for PRydrolysis by pK'E(SHz) <6 750+ 0.08  7.90+ 0.09
E20D-PPase at pH 7.2 as functions of free2¥Mgoncentration. (7.7+£01)  (8.1£0.1)
(A) 1/kn vs 1[Mg?]. The solid line is drawn to eq 5, using  pKegp 6.7+ 0.7 >75 >7.9
parameter values in Table 6. The dashed line is a best fit straight pk’cqy, <9.2 . '
line through data taken at [Mg] = 0.02 mM. (B) Kmi/kn VS Ko 10.04 (10.2+£0.1)  (99+01)

1/[Mg?*]. The line is drawn to eq 6, using the parameter values in
Table 6.

oxygen exchangek{,) were obtained by extrapolating
measureds (Table 3) andvex (Table 4) to saturating [MgR

as described by Kayla et al. (1995). The partition coef-
ficient, P; (Table 4), which measures the probability ofi PP
formation from enzyme-bound s R dissociation K4/ (Ks+
ks)], was calculated from the distributions of fi¥#-labeled

P species during the PH,O oxygen exchange (Hackney &

aDerived from initial velocity experiments except as indicated.
b Derived from values in Baykov et al. (1990, 1995, 1996lhis work.
Initial parameter values for data at pH 7.2 and varying ?Mg
concentration were obtained as followk, values were first fit to eq
5, providing values forKagapp Knapf?, andknapd®. The remaining
parameters were obtained from eq 6, and the value determinéd for
at 20 mM Mg* (Table 5), using the relationshif, = (k@ +
KPIMgZ ]/ Kazapp/(1 + [Mg?*)/Kazapp. Final parameter values were
obtained by simultaneous fitting of all velocity measurements (108
points) to eq 6. pH-independent parameters were derived using data
taken in the pH range 6:0.0.9 Derived from values in Kgyla et al.
(1995) and in Table 5 From dialysis experiments. Experimental

Boyer, 1978; Hackney, 1980; Springs et al., 1981). conditions for measurements with the E20D variant: 6.676 mM
The rate and equilibrium constants estimated or derived fige 0 Qan M ;
from these measurements are collected and compared witrsg\%gfeﬁ? &S}%ﬁig <')vf| g/l ?fm'toﬁ'cf’ﬁodrﬁtirm'izfﬂé%?ﬁéféfgﬁg '
those determined for WT-PPase in Table 5, from which it is H,Mg,ES at 20 mM Mg". | Apparent K, for loss of a proton from a

clear that, measured at saturating substrate, 20 mM*Mg mixture of HMgES and HMgES at 20 mM Mg".
and pH 7.2, E20D substitution (a) decreases hydrolytic
activity (k,) and oxygen-exchange activitief), (b) increases
synthetic activity k5, (c) destabilizes the ERPBomplex K3),
and (d) increasek, and decreasdg—ks, while leavingk;
unchanged.
In the sections that follow, these measurements are
extended by determination of the dependencids, ahdk/
Km on Mg?™ concentration at fixed pH (7.2) and on pH at
fixed Mg?* concentration (20 mM), in order to more fully
elucidate the underlying reason(s) for the latter observations.
Hexameric E20D-PPase Catalysis of iPHydrolysis.
Dependence on Mg Concentration. For WT-PPase at pH
7.2, bothk, andky/K, as a function of M§" concentration
are well saturated by 20 mM (KKgla et al., 1995). Such is
not the case for E20D-PPase (Figure 6), for which 20 mM
Mg?" is inadequate to achieve saturation. WT-PPase binds

two Mg* per subunit with relatively high affinity in the o of the enzymesubstrate complex proceeds mainly or

absence of substrate (f@aet al., 1995; Volk et al., 1996). exclusively via MES over a wide range of Mg concentra-
The results of equilibrium dialysis experiments, conducted 4,

at enzyme concentrations=(.5 mM) high enough that
hexamer is the dominant form even in the absence ¢fMg

error and the absence of systematic deviation, to measure-
ments of the velocity of Bhydrolysis as a function of the
concentrations of Mg and MgPR at pH 7.2 (Figure 6). In

this model conversion of substrate to product proceeds via
two enzyme substrate complexes, having total>Msto-
ichiometries of 4 (MES) or 5 (MES), in accord with the
curvature of the plot in Figure 6A. Fitting the data in Figure

6 to egs 5 and 6, derived from Scheme 3A, yielded the
parameter values displayed in Table 6. These parameters
make clear that (a) at low [Mg] (0.2 mM) binding of
substrate proceeds mainly viggBland hydrolysis proceeds
via both MLES and MES; (b) at [Mg?*] of 1 mM, substrate
binding proceeds via both }; and ME; but the dominant
hydrolysis pathway is via MES; (c) at [Mg?"] = 5 mM the
dominant substrate binding pathway is viaByland the
dominant hydrolysis pathway is viadd@S; and (d) dissocia-

3 2 2
— kh’app( )+ kh,app( )Kas,apré[Mg +]

indicate that E20D substitution is virtually without effect on K o (5)
the binding of the first Mgt (Kmi1) and only weakens the 1+ Ka&amé[Mg ]
binding of the second Mg (Kn2) by a factor of 3 (Table k/K. = FGIQR ©6)

6). This small effect is inadequate to account for the
observed dependencelgfandky/K,, on Mg?*" concentration. where E k® + KOMI*/Kns G = knap® +

Scheme 3A describes a minimal model providing an knap@[Mg2//Kms, Q 1 + KnKmd[Mg2 ]2 +
acceptable fit, based on low values of mean relative deviation Kn[Mg?*] + [Mg?*]/Kms; andR = k@ + k;®[Mg?*1/Ka3,app
of calculated vs measured values compared to experimentah- kn apf? + Kn apd IM9?*1/ Kas app
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Scheme 3: PMHydrolysis as a Function of Mg k, = (kh(s) + kh(z)KHaJ[MgH])/(l + KHaJ[ng] +

Concentration and pH + H2 ot
(A) Dependence of k, and kK on Mg?* Concentration at pH 7.2 [H ]/K ESH2(1 K a3/[|\/|g ]) +

OS] - K'es[H1(L + Kod[Mg*']) (7)
M3E . M3ES product
ngT * Kazamp It only proved possible to evaluate the prodiggtK",s,
K [s] K and n_ot _the individual constants making up this term, so that
MoE U‘ MoES ——— product only limiting values could be estimated fé&x® and K"y
szT : The lower limit value fok,@ of >2.5 s* (and consequently
the upper limit value oKH,;3 of <8.5 mM) is based on the
ME value ofk apd? at pH 7.2 and the assumption thdtgan, >
Kml} PK'eshz This assumption is consistent with the results

obtained for WT-PPase Kgsn2> pK'esnz pPKesn = pK'esk;
Table 6) and is in accord with the expectation, based on
simple electrostatics, that binding of an additional g

E
(B) Dependence of ki, on pH and Mg2*

HMES —2e HMGES —"- MES should, if anything, lower rather than raise th&pf a given
A group. More precise estimation &® and KM,; would
H“”Zaa ‘ s N“ﬁ require that k values be obtained as a function of varying
HaMoES Keswz HM,ES Mesn MES Mg?* at higher pH. Unfortunately, the tendency of PPase
to dissociate into trimers at high pH and low Rig
HM,ES 2+ product HM3ES % . product concentration limited our ability to perform such experiments.
a Definitions: Kmi = [Mg2H][E]/[ME]:; Kmz = [MgZt][ME] /[M 2E];
oo B o e e o” oo e
2 3 . a3 — 2 3 ’ a3 — i 1 1 i
[Mg2I[H M ESYHMES]. K'esiz = [H*][HM ESVHMES]; K'esy A|t$1f£idh ngzzc()) fl Séffetg L\J/f/lict)r?inczﬂe iﬁg\ljg Itsitlent:a:\?i(t:tlogf
= [H+][M 3ES]/[HM3ES] KESHZ = [H+][HM zEs]/[HzMzES]; KESH = X g N y’
[H*]IM:ES)[HM:ES]. S is MgPR. The letter t refers to ali protonated & distance of some 15 A from the nearest portion of the
forms of E, ME, and MES. trimer—trimer interface in E-PPase (Kankare et al., 1996a,b),
its substitution by an Asp markedly weakens E-PPase
Table 7: k, andky/Kn Values for E20D-PPase: pH Dependence quaternary structure, with the result that E20D-PPase can
pHb kn (s7) k/Km (UM 157 be dissociated into trimers as a function of pH and enzyme
6.5 6.4+ 0.1 (7.3) 3.6L02 concentrations, as found in this work, or temperature, as
7.2 3842 (30) 264+ 3 reported previously (Velichko et al., 1995). This linkage of
7.9 714 3 (76) 3643 guaternary structure and active site is also shown by the
8.5 105+ 4 (109) 32+ 2 stabilization of hexamer on binding of the active site ligands,
g:g %ﬁ 111(§120) g’gii Mg.PP and M@". The similarity of the value foKy (4 +
10.4 534+ 4 72405 2 mM; eq 3) andKn2 (6 + 2 mM; Table 6) suggests that it

. o 4
a At 20 mM Mg?*. Values in parentheses are calculated from eq 7, is Mg*" binding to the second of three sites we have

using parameter values in Table®Buffers employed: pH 6.5,0.05  identified on E-PPase (Baykov et al., 1996) that accounts
M MES—Tris; pH 7.2, 0.15 M Tris-HCI; pH 7.99.0, 0.1 M 2-amino- for this stabilization. Structurally, the linkage derives from

2-methyl-1,3-propanedieiHCI; pH 9.8 and 10.4, 0.15 M 3-(cyclo-  the involvement of Glu 20 both in the active site and, via its

hexylamino)-1-propanesulfonic acikOH. free carboxylate group, in a hydrogen bond to the backbone
nitrogen of lle 32 that stabilizes a loop structure forming
Hexameric E20D-PPase Catalysis of PRydrolysis. part of the trimef-trimer interface (Kankare et al., 1996a).

Dependence on pH. pkand ky/K, were determined as a We believe it probable that, in the E20D variant, the-3@
function of pH at 20 mM Mg" (Table 7), allowing hydrogen bond forms poorly or not at all, allowing the loop
calculation of pH-independent values fkyK, of 44 + 9 greater mobility and weakening trimetrimer interaction.
uM~tstand fork, of 130+ 14 s*. The clear pH optimum The value ofKy for E20D-PPase increases by?#@old
for ks indicates that for E20D-PPase, as for WT-PPase between pH 7.2 and pH 8.5 (Table 2). This is consistent
(Baykov et al., 1996), conversion of substrate to product with our recent identification of two His residues, His 136
depends on both an essential base and an essential acid. and His 140, at the subunit interface and the evidence that
Scheme 3B describes a minimal model providing an the protonation state of the subunit favoring association is
acceptable fit tk, values measured as a function of both one in which two His residues share a single acidic proton
Mg?* concentration (at pH 7.2) and pH (6:0.0 at 20 mM (Baykov et al., 1995; Kankare et al., 1996b). Linkage of
Mg?"). Fitting k, values to eq 7, derivable from Scheme quaternary and active site effects emphasizes the importance
3B, permitted evaluation of several of the parameters in this of direct structural information for the interpretation of the
equation, as displayed in Table 6. For the values fitted, the functional effects of amino acid substitution in proteins, as
termK'esy/[HT](1 + Kad[Mg?2*]) was negligible and could  has been previously shown for ribulose-1,5-bisphosphate
be omitted, so no estimation &fesy or Koz was attempted.  carboxylase (Soderling et al., 1992) and phosphoglycerate
From the values obtained it is clear, comparing the values mutase (White et al., 1993).
of k'® and k,@K",4[Mg?'], that over the entire pH range, The low catalytic activity of trimeric. coli E20D-PPase
and at [Mg*] > 0.5 mM, hydrolysis proceeds essentially toward PRhydrolysis is one example of an apparent general
exclusively via the HMgES complex. phenomenom that hexamer formation improves the catalytic
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characteristics of PPase, even though each active site inKH,;3 value and a relatively low iesy makes this species
E-PPase is formed by residues coming from only one subunitrelatively inaccessible. In contrast, for the E20D variant,
(Kankare et al., 1994). Thus, the trimers of E-PPase and itshydrolysis proceeds mainly via the HMES complex (Table
H136Q and H140Q variants, while retaining higfvalues, 6).
have drastically increasd¢h, , values (Baykov et al., 1995), The parameter values displayed in Table 6 provide clear
and the trimeric forms of structurally related PPases of explanations for the lower values of bdtha$? and k for
Bacillus stearothermophilusnd thermophilic bacterium PS-  E20D-PPase compared with WT-PPase. From Scheme 3B,
3, obtained by simple dilution of enzyme, are both inactive when, as is the case for E20D-PPase, the proki#i",3
(Hachimori et al., 1979; Schreier, 1980). These results, too, as well ask"%,; and K'esy2 are well determined, a higher
may be explicable on the basis of the design of the enzymevalue ofk,@ requires a higher value oKgsn2 For example,
(Kankare et al,, 1996b). if k@ were equal td,® (126 s1), pKesnz Would be 9.4,
Effect of E20D Substitution on Catalytic Efficiencyhe whereas ik,® were equal to its lower limit of 2.5, pKesh2
dependence of E-PPase catalytic effciency on both pH andwould be 7.6. Thus, the much lower value lafap$? for
Mg?* concentration presents a significant challenge for our E20D-PPase than for WT-PPase is due to a higlgrfar
efforts to understand the effects of the E20D mutation at removal of the proton from the essential baskggy, for
the level of changes in truly microscopic rate or equilibrium WT-PPase is 6.7) and perhaps to a lower valud.8f as
constants. The strategy we have pursued in this paper is tovell. Measured at 20 mM Mg the relevant K, for
first conduct a series of experiments at fixed pH (7.2) and deprotonation of the essential base g, (7.5). Thus,
Mg?* concentration (20 mM), permitting effects on the rate the lower value ok, measured at 20 mM Mg and pH 7.2
parameters measuring catalytic efficienky,kiy/Kn, ks, and (Table 5) is mostly due to the only limited deprotonation of
kex, to be explained in terms of changes in the apparent (i.e.,the essential base, with additional contributions from a lack
pH and Mg@*' concentration dependent) microscopic con- of saturation of the enzyme with Mgas well as a slightly
stantsk;—kg and to then explore the pH and Rtgconcentra- lower value ofk, for the most reactive species (199 for
tion dependence of the two parametdgsand ki/Ky,, that WT-PPase vs 126§ for E20D-PPase).
are both most relevant physiologically and easiest to measure. Earlier we showed that D97E-PPase shares with E20D-
Measured at pH 7.2 and 20 mM RIgE20D substitution PPase the properties of a requirement for five?Mig the
results in large (510-fold) decreases ik, andkey, as well hydrolytically active complex and a higheKpthan WT-
as a 3-fold increase ik (Table 5). Equations-810 express  PPase for removal of the proton from the essential base
the values of the measured rate parameters in terrks-of  (Kapyla et al., 1995). Scheme 3B, which clearly demon-
ks, k7, andKas. strates the linkage between these two phenomena, well
accounts for the data obtained with D97E-PPase, affording
Kn = Kaksko/[ksks + ky(ks + Kk, + Ks)] (8) the rate and equilibrium parameter values displayed in Table
6. The general similarity of these values to those obtained
Koy = Kgks/[(Ks + 0.25¢,) (K5 + 1)] 9) with E20D-PPase demonstrates that conservative mutation
of the two active site residues, Glu 20 and Asp 97, has similar
ks = KoKy/TK; + Ky(Kg + 1)] (10) consequences for these parameters. We already have
demonstrated that, as measured at 20 mM*Mgpnservative
The large decreases knqandk., for E20D-PPase relative to  mutation of a large number of active site mutants raises the

WT-PPase are explainable in terms of decreasds, ik, pKa for proton removal from the essential base (Salminen et
ks, andk;. By contrast, the large decreaseskinand kex al.,, 1995). It remains to be seen whether this effect is
following D97E substitution derive almost exclusively from generally linked to a requirement for a Kfgstoichiometry
large reductions irks andks, respectively; i.e.ky ~ Ks; Kex of five in the active complex.

~ ki
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