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ABSTRACT. Escherichia coli inorganic pyrophosphatase is a tight hexamer of identical subunits.
Replacement of both His136 and His140 by GlIn in the subunit interface results in an enzyme which is
trimeric up to 26 mg/mL enzyme concentration in the presence &f-Majlowing direct measurements

of Mg?* binding to trimer by equilibrium dialysis. The results of such measurements, together with the
results of activity measurements as a function of f§@nd pH, indicate that Mg binds more weakly

to one of the three sites per monomer than it does to the equivalent site in the hexamer, suggesting this
site to be located in the trimer:trimer interface. The otherwise unobtainable hexameric variant enzyme
readily forms in the presence of magnesium phosphate, the product of the pyrophosphatase reaction, but
rapidly dissociates on dilution into medium lacking magnesium phosphate or pyrophosphaté&:.: The
values are similar for the variant trimer and hexamer,Kyvalues are 3 orders of magnitude lower for

the hexamer. Thus, while stabilizing hexamer, the two His resiquersse are not absolutely required

for active-site structure rearrangement upon hexamer formation. The reciprocal effect of hexamerization
and product binding to the active site is explained by destabilizatian-loélix A, contributing both to

the active site and the subunit interface.

Inorganic pyrophosphatase (EC 3.6.1.1; PBase a man et al., 1992; Kankare et al., 1994). Catalysis proceeds
ubiquitous enzyme, essential for cell growth (Chen et al., without formation of a phosphorylated enzyme (Gonzalez
1990; Lundin et al., 1991; Sonnewald, 1992). Soluble PPaseet al., 1984) and exhibits an absolute requirement for divalent
hydrolyses PPto B with release of energy as heat and metal ions, with Mg" conferring the highest activity (Kunitz,
provides in this way a thermodynamic pull for many 1952). Recent crystallographic studies of a complex between
biosynthetic reactions, such as protein, RNA, and DNA yeast PPase, phosphate, and?Miave identified four
syntheses (Kornberg, 1962). In contrast, membrane-bounddivalent metal ion binding subsites (MM4) and two
PPase utilizes the energy released for transmembrane H phosphate binding subsites (P1 and P2) within the active site
transport (Baltscheffsky & Baltscheffsky, 1992; Rea & Poole, (Heikinheimo et al., 1996; Harutyunyan et al., 1996a).

1993). _ _ _ _ All soluble PPases are homooligomers, dimers in eukary-
The active site structure and catalytic mechanism of gtes and hexamers or tetramers in prokaryotes. The active
soluble PPase are highly conserved evolutionarily (Cooper-sjte is present in each monomeric unit. The structure of
hexamericE. coli PPase is best described as a dimer of two
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DK13212), the Russian Foundation for Basic Research (97-04-48487), His136, His140, and Asp143 being the key residues in the
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(1—42), and the Finnish Academy of Sciences (Grants 1444, C-3875,gmmer'trlmer mterfa,ce (Kankare etal,, 1996b' Haru,tyunyan
etal., 1996b). The interaction between trimers is quite strong
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and is only broken in acidic medium (Borshchik et al., 1986).
A single replacement of any of the two His residues with
GIn results in PPase variants existing as a mixture of
hexamers and trimers (Baykov et al., 1995). The dyad
interface between the trimers has a water-filled cavity, which
can accommodate Mg (Kankare et al., 1996a; Harutyunyan
et al., 1997).

Here we show that substitution of both His residues in

the subunit interface dE. coli PPase results in a trimeric
enzyme with very little tendency to aggregate. We also
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demonstrate a dramatic reciprocal effect of active site ligandsScheme 1: Equilibria and Binding Steps Defining Formation

on the trimer:trimer interaction and propose a role for the
intersubunit divalent metal ion in structure maintenance.

EXPERIMENTAL PROCEDURES

Enzymes.Wild-type and His~GIn mutant PPases were
expressed and purified using the overproduéngoli strains
HB101 (Lahti et al., 1990) and MC1064PPA(Appa)

(Salminen et al., 1995), respectively. The enzyme concen-

of Enzyme-Substrate Compléx

Kml sz Kn|3
E < ME © ME © M;E
Ly ® L@ U@
MES MES M;ES

*E = enzyme, M = Mg®’, S = Mg,PP;.

tration was estimated on the basis of a subunit moIecuIarSCheme 2: Equilibria Linking Species within

mass of 20 kDa (Josse, 1966) andAdff,g, of 11.8 (Wong
et al., 1970).

Methods. Enzyme-bound PRvas assayed by a modified
coupled-enzyme procedure (Nyré& Lundin, 1985; Baykov
et al, 1990). Equilibrated reaction mixtures (50.)
containing enzyme, ;P MgCl,, buffer, and EGTA were
guenched with 1@L of 5 M trifluoroacetic acid, kept for
3—5 min at room temperature, and centrifuged for 1 min at
500@. A 5-uL aliquot of the supernatant was added to 0.3
ulL of the ATP assay cocktail, and the resulting luminescence
was recorded with an LKB model 1250 luminometer. After
the luminescence stabilized b of 10 uM PR solution was
added to calibrate the assay. The BEsay cocktail was
prepared by mixing 6 mL of 0.2 M Tris/HCI buffer (pH 8.0)
containing 1 mM dithiothreitol, 0.8 mg/mL bovine serum
albumin, 30uM EGTA, 40uL of 67 U/mL ATP-sulfurylase
solution (Sigma lyophilized preparation reconstituted with
water), 200uL of luciferin/luciferase solution (Sigma ATP
assay mix, catalog No. FL-ASC, reconstituted with 5 mL of
water) and 60uL of 1 mM adenosine 'Sphosphosulfate
(Sigma).

Details of other kinetic, binding, and sedimentation

measurements are described by Baykov et al. (1995, 1996a).

The following buffers were used for measurement of steady-
state rates of Riydrolysis, except as noted: 83 mM TES/
KOH, 17 mM KCI (pH 7.2); 70 mM TAPS/KOH, 30 mM
KCI, (pH 8.0); 90 mM TAPS/KOH (pH 8.5); 200 mM
CAPS/KOH (pH 9.5 and 10.3). The media used in measure-
ments of enzyme-bound PBrmation, net PPsynthesis, and
P-H,O oxygen exchange were buffered with Tris/HCI, the
concentration of which was adjusted to maintain ionic
strength at 0.2 M. The buffers contained EGTA: &l
(pH 7.2, 8) or 5uM (pH 8.5, 9.5). All experiments were
performed at 25C, except as noted.

Calculations and Data AnalysisThe apparent catalytic
constantk;,, as well as the apparent Michaelis const&nt
for PPase catalysis of MBR hydrolysis, was determined
as functions of [Mg'] and pH. Fittingky/Kmn to eq 1,

kK Mg ] + k@ + k FIMg* VK
1+ Klemzl[Mgz+]2 + szl[Mgz+] + [Mgz+]/Km3

(1)

derived from Scheme 1 (Baykov et al., 1996a), allowed
evaluation ofk®, k®, and k;®, the second-order rate
constants for substrate binding to ME,,l% and ME,
respectively, as well as the dissociation constéatsand
Kms for the corresponding equilibria in Scheme 1. Values
of Km1 were quite low compared to the metal concentrations

Enzyme-Substrate Complex
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Scheme 3: Hexamer:Trimer Equilibrium
ka
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used and were neglected in this analysis. Fitkntp eq 2,

ko = {2 + kPK JIMgZ 11 + K" fMg®] +
[H+]/KESH2(1 + KHZaJ[MgH]) + Keg{(1 + Kd

Mg* DIH'T} (2)

derived from Scheme 2 (Baykov et al., 1996a), allowed
evaluation ofk,®, k@ andk,®, the catalytic constants for
HMES, HMLES and HMES, respectively, as well as the
dissociation constantSesya K'esn Kesh, KHZaz, KHaz, KHa3
and K3 for the corresponding equilibria in Scheme 2.
Equations 3 and 4 describe the equilibrium activityf
a dissociating enzyme system containing hexamerand
trimers E (Scheme 3) as a function of total enzyme
concentration [E] Ay and Ar are specific activities of
hexamer and trimer, respectivelgy is the fraction of
enzyme in the hexameric form at time expressed in
monomers, an#, andky are the rate constants for hexamer
formation and breakdown. Equations 3 and 4 were fitted to
data with the program SCIENTIST (MicroMath).
A=A+ (A — Apay 3
do,
dt

Time-courses of Riydrolysis and synthesis by hexameric
(H136,140Q)-PPase undergoing dissociation into less active

= kJEl(1 — a)* — kg, = 0 4)
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12 M. V., Goldman, A., Lahti, R., & Cooperman, B. S,
manuscript in preparation).
10 \* Kinetics of PR Hydrolysis by Trimeric (H136,140Q)-

PPase. Earlier kinetic measurements of H136Q-PPase and
H140Q-PPase were performed at a single pH or in a narrow
pH range, leaving the possibility that the observed effects
of hexamer dissociation resulted from changes in tkgsp
of the groups governing the respective pH profiles rather
than from changes in the pH-independent values for respec-
tive parameters (Baykov et al., 1995). The results of the
kinetic measurements of (H136,140Q)-PPase, carried out
under wide ranges of pH and Mligconcentration (Figure
2), rule out this possibility. The model satisfactorily describ-
ing the data (Schemes 1 and 2) is similar to that derived
previously for WT-PPase (Baykov et al., 1996a) and contains
n (mol/mol) only species whose omission made the fit of eqs 1 and 2
Ficure 1: Scatchard plot for Mg binding to WT-PPase®) and significantly worse. Parameter values derived with eq 1 from
(H136,140Q)-PPaseC) as measured by equilibrium dialysis  the dependencies &f/Knm,on [Mg?] at pH 8.0-10.3 (Table
(Képyla et al., 1995). The lines are drawn to eq 4 iipgka et al. 2) indicate that (a) the values &f® — k,® are lower for

1995), using parameter values found in TablenIneasures the . . ) .

E]umb)er of I\%gjer ions bound per monomer. Expgﬂmental condi- the trimeric variant PPase by—3 orders of magnitude
tions: 0.1 M Tris/HCI, pH 7.2; [PPase], 6-D.8 mM; [Mg?'], compared to hexameric WT-PPase over the whole pH range
0.03-3 mM. (Baykov et al., 1996a); (b) substrate is bound more rapidly
to EM, than to EM and EM; (ki@ > k® > k®); and (c)
values ofKy,, for trimeric (H136,140Q)-PPase are signifi-
cantly higher than for hexameric WT-PPase (Baykov et al.,

nMg™] (mM™")

H136,140Q %3
O T T T
00 05 10 15 20

trimers during catalysis were fit to eq 5, wherés time,
and vy andv. are hydrolysis rates at zero and infinite time,

respectively. 19964a), in accordance with the data obtained by equilibrium
vy — v dialysis.
[product]= vt + (1 - e_kdt) (5) Values ofk, for (H136,140Q)-PPase (Figure 2A) were

fitted to eq 2 as a function of [Md] and pH simultaneously,
yielding the K.s and the binding constants shown in Table
RESULTS 3. Because of ver k substrate bindi t I
. y weak substrate binding, accurate values

(H136,140Q)-PPase is TrimericThree sets of data show of k, for (H136,140Q)-PPase could not be obtained at pH
that the double variant is trimeric under a wide range of 7.2. The following trends are evident: (a) neither pH-
conditions. First, the value @by, measured at 26 mg/mL  independenk,® or k,\® is decreased markedly in the trimeric
enzyme concentration (pH 7.2, 2C, 1 mM MgChL) was PPase; (b) binding of the fourth metal ion to the enzyme
only 3.1+ 0.1 S (but see below for measurements in the substrate complexK{?,; and K", is weakened while
presence of Mgfp. At 0.25 mg/mL enzymes, . was 3.86 binding of the fifth metal ionK",3 andK,3) is strengthened;
+ 0.09 S; the difference can be accounted for by the effect and (c) the E.s for the essential acidic and basic groups
of protein concentration on solution viscosity (Schachman, are increased for catalysis with either four or five Mdn
1959). For hexameric WT-E-PPase, measured valuggef  the enzyme-substrate complex.
are in the range 6:06.2 (Josse, 1966; Baykov et al., 1995). Several lines of evidence rule out the possibility that the
Second, SDSPAGE of the variant enzyme cross-linked with ~ activities measured result from hexamer formation during
glutaraldehyde at pH 8.5 yielded polypeptide patterns quite the assay. First, as will be shown below, the hexameric form
similar to those reported previously for trimeric H136Q- and is unstable under the assay conditions at pH 7.2 and 8.0,
H140Q-PPases (Baykov et al., 199%). revealed no and increasing the pH accelerates its dissociation. Second,
hexamer. Third, the specific activity of enzyme in;PP product formation curves were linear in all cases, indicating
hydrolysis measured at 2€M substrate concentration was no interconversion between trimer and hexamer during
only 2.5 s, characteristic of trimers (see below). measurement. Finally, the ratersussubstrate concentra-

Mg?" Binding to Trimeric (H136,140Q)-PPaseAs mea- tions profiles indicated no enzyme heterogeneity, as would
sured by equilibrium dialysis in combination with atomic have occurred for a mixture of hexamer and trimer with
absorption spectroscopy (Figure 1), Mdinding to one of different K, values.
the two sites seen at pH 7.K{, in Scheme 1) is markedly Magnesium Phosphate Makes (H136,140Q)-PPase Hex-
weakened in trimer (Table 1). These data also indicate aameric. Dramatic stimulation of hexamer formation in the
strong buffer effect on the binding parameters: values of double variant was observed in the presence of MdmPe
both K1 and Kz in WT-PPase hexamer and &, in enzyme preincubated with 20 mM Mght pH 7.2 exhibited
(H136,140Q)-PPase trimer are markedly increased in thean initial burst of activity in PPhydrolysis and PRsynthesis
presence of Tris/HCI versus TES/KOH buffer (Table 1). (Figure 3, upper curves). No activity burst was detectable
Previously we showed that Tris modulates the binding when PRhydrolysis was initiated by RBr when MgRPwas
properties of the membrane PPas®bbdospirillum rubrum omitted from the preincubation mixture. Similar observa-
(Baykov et al., 1996b). As our most recent studies indicate, tions were made at pH 8.0. By contrast, the progress curves
the Tris is a competitive inhibitor of E-PPase with respect in both types of assay were strictly linear with hexameric
to PR (Baykov, A. A., Hyytia T., Velichko, I, S., Turkina, WT-PPase, which does not dissociate under these conditions.
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Table 1. Dissociation Constants for KfgBinding to PPase Determined by Equilibrium Dialysis

hexameric WT-PPase

trimeric (H136,140Q)-PPase

buffer Kmi Km2 Km1 Kmz
0.1 M Tris/HCI 0.083+ 0.004 1.67+0.17 0.16+ 0.02 8+ 2
0.083 M TES/KOH+ 17 mM KClI 0.0164+ 0.002 0.52+ 0.05 0.008t 0.004 50+ 25

2|n millimole per liter. Experimental conditions: pH 7.2; [PPase],-0078 mM;, [Mg?*], 0.03—3 mM. ® From K#yla et al. (1995).
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FIGURE 2: Mg?* concentration dependencieskaf(A) and ky/Km n
(B) for trimeric (H136,140Q)-PPase at fixed pH values in zwitte-

A 2 124B 2
50
1.0 -
o 40 A =
Z 2 o8-
= ]
B 30 - g
E o 0.6
8 &
o 207 & 04
J 1
10 0.2 - 1
0 —— 0.0 s
0 2 4 6 o 2 4 6
Time (min)

Ficure 3: Stabilization of hexameric (H136,140Q)-PPase by MgP

rionic buffers. The lines are drawn to egs 1 and 2, using parameter (A) Time-courses of Prhydrolysis by the enzyme preequilibrated
values found in Tables 1 and 2. Values of pH are shown on the at 184uM concentration in the absence (1) and in the presence (2)

curves.

Table 2: Rate and Equilibrium Constants for Trimeric
(H136,140Q)-PPase (Scheme 1)

k@ K@ k@
PH (M 1sh) (M1s) M 's?

sz (mM) Km3 (mM)

8.0 <0.02 0.49+0.17 0.09£0.02 7+3 22+1.2

85 <0.02 0.64+0.36 0.20£0.07 4+2 7+4

9.5 <0.02 0.45£0.15 0.10+:0.01 0.23+0.13 1.6+0.8
10.3 <0.02 0.20+£0.04 0.05+0.01 0.11+0.06 3.1+1.1

Table 3: Rate and Equilibrium Constants for Hexameric WT-PPase
and Trimeric (H136,140Q)-PPase (Scheme 2)

parameter WT-PPage H136,140Q-PPase

KHaz (MM) 51428 11+ 4
Kaz (MM) 3.2+0.8 <2
KH2,, (MM) 0.09+ 0.05 3.8+21
KHgz2 (MM) 0.05+ 0.02 0.85+ 0.09

(s <120 <40
ke® = ka® (s79) 330+ 20 227+ 12
PK'esn 8.7+0.5 9.56+ 0.10
[ 7.31+ 0.06 7.74+0.19
PKesk 9.89+ 0.07 >11

aMeasured in zwitterionic buffers (Baykov, A.A., Hyytidl.,
Velichko, I. S., Goldman, A., Lahti R., and Cooperman, B. S.,
manuscript in preparation).

These data suggest that the hexamer that formed in ap-

preciable amounts in the presence of Mgk the stock

enzyme solution undergoes slow dissociation into trimers on

being diluted in assay medium containing }& or MgR,

of 20 mM MgR. In both cases, the preincubation mixture contained
0.06 M Tris/HCI (pH 7.2), 50 mM Mg+, and 15uM EGTA. After
preincubation for 5 min at 28C, an aliquot of enzyme solution
was added to the assay medium containing 0.1 mMR#Rg 20
mM Mg?*, 0.15 M Tris/HCI (pH 7.2), and 4@M EGTA, and P
liberation was continuously recorded. (B) Time-courses of PP
synthesis by the enzyme preequilibrated atuMb concentration

as above. The assay medium contained O(/N%nzyme, 20 mM
MgP;,, 50 mM Mg+, 0.7 U/mL ATP-sulfurylase, ATP assay kit
(Sigma) diluted 1:40, 1&M adenosine 5-phosphosulfate, 1 mM
dithiothreitol, 1 mg/mL bovine serum albumin, 0.15 M Tris/HCI
(pH 7.2), and 4Q«M EGTA. PR formation was followed continu-
ously in an LKB model 1250 luminometer. All curves are
experimental; theoretical curves agreed within 3%.

Absorbance

T T T T T

60 62 64 66 68 70

Radius (cm)

Ficure 4: Sedimentograms of (H136,140Q)-PPase in the absence
(1) and in the presence (2) of 20 mM MgFExperimental
conditions: 0.1 M Tris/HCI, pH 7.2; [PPase], 181; [Mg?*], 50

mM; 20 °C; 60 000 rpm; sedimentation time, 46.5 min.

or undergoes fast dissociation on being diluted to the media
without the substrates. This explanation is supported by two presence of approximately equal amounts of trimers and
further observations. First, the sedimentation profile of hexamers, unlike in the absence of M@Hgure 4). Second,

(H136,140Q)-PPase in the presence of 20 mM Mg®
7.2, 25°C, 50 mM Mg*, 18 uM enzyme) indicated the

the initial specific activity increased as a function of enzyme
concentration (Figure 5, upper curve).
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could be obtained with eq 6 (Fabrichniy et al., 1997), where

[}
o

L

(a gl

{1 0.7)

T fep;{E]t(l - Pc) (6)

N
o
1

P. is the partition coefficient for oxygen exchange (Hackney
& Boyer, 1978),fep is the fraction of enzyme containing
bound PR andC is the correction factor accounting for the
difference in hexamer concentration in the assay media used
in the measurement afex and e, The value ofC was
calculated in each case as the ratio ugf — v, values
oo o estimated with eq 5 from RRydrolysis curves obtained by
0 0 57 160 ) éo ;o starting the reaction with equal aliquots of enzyme taken from
the incubation media used in the measurements ofi EPP
Enzyme (uM) formation and oxygen exchange. As Table 5 makes clear,
FiGURE 5: Initial specific activity of (H136,140Q)-PPase pre- the value ofks for hexameric (H136,140Q)-PPase is inde-
equilibrated at different enzyme concentrations in the absedre ( pendent of pH and MY concentration and quite close to

and in the presenc@®] of 20 mM MgR. For conditions, see the ; _
legend to Figure 3A. The upper line is drawn to eqs 3 and 4 with those for hexameric WT-PPase (Baykov et al., 1996a).

kilka= 16 uM, Ay =94 s, Ay =2st

Specific activity (s™)

N
o
L

DISCUSSION

Table 4: Rate and Equilibrium Constants for Scherfie 3 Contribution of Different Interactions to Hexamer Stability.
pH substrate presentka (UM—2min"?) kg (minY)  Kg (uM) The trimer:trimer interface centered around His140 extends
72 > 70 ~5000 through two layers (Figure 6) (Kankare et al., 1994, _1996b;
7.2 MgR (20 mM) 0.05+ 0.02 0.73+0.04 1642 Harutyunyan et al., 1996b). The top layer consists of
7.2 M@PR (0.1 mM) 1.1+ 0.3 interactions among His136, His140, and Aspl43 at the
8.0 MgPR (0.1 mM) 2.3+03 C-terminus of helix A, the bottom layer of interactions

a25°C, 50 mM [M@*].  Calculated agy/Kg. between Ala48 and Phe50 in a little piece of antiparallel

pB-sheet. The two layers are linked by main-chain and side-

Values ofky estimated from the data in Figure 3 with eq chain interactions involving Ser46 and GIn133. The two
5 and values oK, estimated from the data in Figure 5 with  subunits also interact through a system of hydrogen bonds
eqs 3 and 4 are listed in Table 4. One can see that; MgP involving water molecules in the cavity formed by Asn24,
and MgPR elicited similar changes ikg, but the value for ~ Ala25, and Asp26. One of these water molecules can be
ks could be determined only in the presence of MgBcause  replaced by an MY ion (Kankare et al., 1996a; Harutyunyan
Mg2PR is rapidly hydrolyzed by the enzyme. et al., 1997).

Functional Characterization of Hexameric (H136,140Q)-  All the interactions between trimers can be classified into
PPase. As described above, fitting eq 5 to the upper curve three groups. The ionic and hydrophobic interactions
in Figure 3A provides an estimate of the rate of; PP involving His136, His140, and Asp143 appear to be a key
hydrolysis by hexameric (H136,140Q)-PPase. Unfortunately, element of the subunit interface. Replacing either of the
dissociation of hexamers was progressively accelerated wherhistidines by glutamine destabilizes hexamer (Baykov et al.,
substrate concentration was decreased, limiting our ability 1995), and this work shows that replacing both destroys the
to perform such measurements at R < 50 uM. interaction completely, making hexamer inaccessible in the
Nevertheless, the constancy of the activity 38 s in absence of magnesium phosphate. The valu&Kpfin
the substrate concentration range of #800u4M indicated Scheme 3 is<0.001uM for WT-PPase (Volk et al., 1996)
that the Michaelis constant is less than @20 under the and >5000 uM for (H136,140Q)-PPase (Table 4). The
conditions used (pH 7.2, 20 mM NAg). For hexameric WT- hexameric (H136,140Q)-PPase is thus destabilized by as
PPase, the Michaelis constant is 28 under identical much as 9 kcal/mol compared to WT-PPase.
conditions (Baykov et al., 1996a). A second strong interaction between trimers is mediated

In addition to its PPhydrolysis and PRynthesis activities, by Mg?" binding to enzyme. The value ¢ for H140Q-
(H136,140Q)-PPase exhibited appreciable enzyme-bound PPPPase changes by a factor of 4000 between 1 and 50 mM
formation and rate of H,O oxygen exchange (Table 5). Mg?" (Baykov et al., 1995)i.e., Mg?* stabilizes hexamer
On the basis of the large difference kn values between by 5 kcal/mol. Although this effect can in principle result
hexamer and trimer and, presumably,-Biading affinity, from Mg?* binding to active site, the involvement of the
enzyme-bound RFormation and PH,O oxygen exchange, subunit interface site is more likely, as suggested by X-ray
which occurs during reversible P&/nthesis (Janson et al., crystallographic data showing that the hexamers with metal
1979), are mainly due to hexamers, not trimers. This bound in the subunit interface are more tightly associated
conclusion is further supported by the observation that the than the ones without metal (Kankare et al.,, 1996a).
value ofve,/[E]: (exchange rate divided by enzyme concen- However, the X-ray data were collected at decimolaMg
tration) is nearly proportional to enzyme concentration, i.e., concentration, raising the possibility that the respective site
changes in parallel with hexamer fraction. Estimates for the binds too weakly to be appreciably occupied at millimolar
rate constant for the reaction EPP- E(P). (ks in our Mg?* concentrations, which are sufficient to stabilize hex-
standard notation; Baykov et al., 1996a) on the hexameramer (Baykov et al., 1995; Volk et al., 1996). In this context,
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Table 5: Estimation oks; for Hexameric (H136,140Q)-PPase

pH [Mg?'] (mM) [MgP{] (mM) [EPRJ/[E]* (mol/mol) ved[E]@ (s7) Pe k(s

7.2 50 20 0.094= 0.006 (184) 35t 2 (6) 0.100+ 0.010 1350k 230
7.2 20 20 0.035 0.003 (184) 16+ 1 (18) 0.096+ 0.006 920+ 350
7.2 20 30 0.094: 0.004 (184) 32:4(18) 0.110+ 0.004 1250k 450
8 20 10 0.01Ct 0.001 (184) 12-1(12) 0.100+ 0.003 1340t 470

a2Numbers in parentheses refer to enzyme concentratibt) (ised in the corresponding experimehEstimated with eq 6.

0 0 as indicated by the differences in thi€ s for the acidic and
((Asn24 ] A (Asp26' ) basic groups controlling catalysis (Table 3). The effect of
a M- ° guaternary structure on ligand binding is reciprocal: both
4 o MgP: (and probably MgPR) and Md¢* stabilize hexamer.
:/\Mgz\}"v While the reciprocal effect of Mg binding on hexamer
0= N formation may result from direct involvement of Kfgin

the trimer-trimer interaction, the effect of MgPwhich is
about 10 A away from the respective interface, is clearly
indirect. A plausible structural explanation can be found in
the role ofa-helix A (residues 128140) (Kankare et al.,
1996b). It forms an essential part of the active-site cavity,
contributes to the hydrophobic core of the molecule, and also
makes important contributions to intertrimer contacts. The
disruption of the intertrimer contacts upon hexamer dissocia-
tion would lead to destabilization @f-helix A in the sense
that it would not be positioned accurately along one face of
the active site cavity. This would lead to mispositioning
of, for instance, Lys142, which binds MgRnd MgPR
) (Heikinheimo et al., 1996). Conversely, correct positioning
W of a-helix A can be achieved in two ways: by forming
hexamer or by binding substrate/product to the active site.
"I||||" LN\ (Hist40 ] The latter, of course, also stabilizes hexamer over trimer.
H Although His136 and His140 are the principal residues
FIGURE 6: A scheme of contacts between dyad-related subunits in Stabilizinga-helix A through the trimer-trimer interaction,
E. coliPPase (Kankare et al., 1994, 1996b). Unprimed and primed the results of the present work suggest that the weak bonds
amino acid residue numbers refer to two different subunits. Black involving other residues suffice as well. Both His residues
circles are water molecules, dashed lines represent hydrogen bonds, - spsent in the trimer-trimer interface of (H136,140Q)-

Also shown is a hydrophobic contact between His140 and His140 ) . L <
For clarity, symmetry-related interactions Ala48-PHeSRer46- PPase hexamer; nevertheless, its substrate binding affinity,

GIn133, and His136-Asp14&His140 and the interactions of Ala48, ~ the catalytic constant, and the rate constant for the most

GIn133, and His136 through a water molecule are not shown. The important step in catalysikd) are similar to those for WT-

figure is drawn with ChemSketch (ACD Labs). PPase hexamer. Thus, while greatly stabilizing quaternary
structure, the His interactionper se are not absolutely

the equilibrium dialysis data (Table 1), showing greatly required for increasing active site performance upon hexamer
decreased affinity of one of the tight metal binding site in  5rmation.
trimer, provide further support to this hypothesis.
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