ISSN 0006-2979, Biochemistry (Moscow), 2020, Vol. 85, No. 3, pp. 326-333. © Pleiades Publishing, Ltd., 2020.
Russian Text © The Author(s), 2020, published in Biokhimiya, 2020, Vol. 85, No. 3, pp. 378-386.
Originally published in Biochemistry (Moscow) On-Line Papers in Press, as Manuscript BM19-352, February 24, 2020.

Effect of Structure Variations in the Inter-subunit Contact Zone

on the Activity and Allosteric Regulation of Inorganic
Pyrophosphatase from Mycobacterium tuberculosis

R. S. Romanov', S. A. Kurilova!, A. A. Baykov!, and E. V. Rodina®**

!Belozersky Institute of Physico-Chemical Biology, Lomonosov Moscow State University, 119991 Moscow, Russia
2Lomonosov Moscow State University, Faculty of Chemistry, 119991 Moscow, Russia
Ye-mail: rodina@belozersky.msu.ru

Received December 26, 2019
Revised January 14, 2020
Accepted January 14, 2020

Abstract—Hexameric inorganic pyrophosphatase from Mycobacterium tuberculosis (Mt-PPase) has a number of structural
and functional features that distinguish it from homologous enzymes widely occurring in living organisms. In particular, it
has unusual zones of inter-subunit contacts and lacks the N-terminal region common for other PPases. In this work, we con-
structed two mutant forms of the enzyme, Ec-Mt-PPase and R14Q-Mt-PPase. In Ec-Mt-PPase, the missing part of the
polypeptide chain was compensated with a fragment of PPase from Escherichia coli (Ec-PPase). In R14Q-Mt-PPase, a point
mutation was introduced to the contact interface between the two trimers of the hexamer. Both modifications significantly
improved the catalytic activity of the enzyme and abolished its inhibition by the cofactor (Mg?* ion) excess. Activation of
Mt-PPase by low (~10 uM) concentrations of ATP, fructose-1-phosphate, L-malate, and non-hydrolyzable substrate ana-
logue methylene bisphosphonate (PCP) was observed. At concentrations of 100 uM and higher, the first three compounds
acted as inhibitors. The activating effect of PCP was absent in both mutant forms, and the inhibitory effect of fructose-1-
phosphate was absent in Ec-Mt-PPase. The effects of other modulators varied only quantitatively among the mutants. The
obtained data indicate the presence of allosteric sites in Mt-PPase, which are located in the zones of inter-subunit contact

or associated with them.
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Family 1 soluble inorganic pyrophosphatases
(PPases) catalyze hydrolysis of inorganic pyrophosphate
with the formation of orthophosphate. PPases are present
in the majority of living organisms, where they hydrolyze
pyrophosphate, thus shifting multiple processes accompa-
nied by its formation towards the generation of products
[1]. PPases from different organisms have similar active
site structure and mechanism of action and exhibit a high
degree of conservation of amino acid sequences and sub-
unit spatial structure [2]. All PPases are active only in the

Abbreviations: PPase, inorganic pyrophosphatase; Ec-PPase,
PPase from Escherichia coli; Mt-PPase, inorganic pyrophos-
phatase from Mycobacterium tuberculosis; Ec-Mt-PPase,
chimeric enzyme in which Mt-PPase polypeptide chain is
extended at the N-terminus with residues 1-12 of Ec-PPase;
R14Q-Mt-PPase, mutant variant of Mt-PPase with Argl4
replaced by Gln; PCP, methylene bisphosphonate.

* To whom correspondence should be addressed.

presence of magnesium ions, which activate both the
enzyme and the substrate. In total, three magnesium ions
per active site are required for catalysis: one of them forms
true substrate with pyrophosphate (MgPP; complex); the
other two form the substrate-binding site in the enzyme
and activate nucleophilic water molecule [3]. The enzy-
matic reaction proceeds without formation of a covalent
intermediate via direct attack of phosphorus atom by
water molecule activated with two magnesium ions [4].
PPase from Mycobacterium tuberculosis (Mt-PPase)
exhibits a number of structural and functional features
that distinguish it from the majority of known PPases. For
this reason, it was included into the group of potential
targets for treating animal and human tuberculosis [5].
Hybrid nanomaterials based on immobilized Mt-PPases
as active agents show potential in the treatment of human
pyrophosphate arthropathy [6]. The enzyme is a hexamer
formed by a dimer of trimers (Fig. 1a). The absence of 12
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Fig. 1. Three-dimensional structures of hexameric Mt-PPase and
Ec-PPase (PDB accession numbers: 4Z71 and 10BW, respective-
ly) [8, 9]. a) Two views of Mt-PPase structure — along the third-
order rotational symmetry axis (on the left) and perpendicular to
the axis (on the right). Subunits of the upper trimer are of differ-
ent colors; the lower trimer is not colored. The N-terminal
residues of each chain are shown in the respective color. The sub-
stituted Argl4 residue is presented as a ball-and-stick model in all
subunits of the colored trimer. Magnesium ions located in the
active site are shown as black spheres. b) View along the third-
order rotational symmetry axis of the Ec-PPase molecule.
Subunits of the upper trimer are of different colors; lower trimer is
not colored. Residues 1-12 absent in Mt-PPase are shown in
brighter color in the subunits of the upper trimer. The images are
generated with the UCSF Chimera program (UCSF Resource for
Biocomputing, Visualization, and Informatics, USA) [10].
(Colored version of Fig. 1 is available in electronic version of the
article on the site http://sciencejournals.ru/journal/biokhsm/)

amino acid residues at the N-terminus of the polypeptide
chain typical of PPase from Escherichia coli (Ec-PPase)
(Fig. 1b) and other representatives of prokaryotic PPases
is one of the structural features of this enzyme that affects
the inter-subunit contacts. Furthermore, the active site of
Mt-PPase contains two histidine residues (at positions 21
and 86) instead of the more common alanine and lysine
residues [7].

To elucidate the pathways of Mt-PPase regulation and
to search for the structure-function relationship in the
enzyme molecule, we constructed mutant variants of Mt-
PPase with the modified inter-subunit contacts and studied
the effects of these modifications on the catalytic properties
of Mt-PPase and its interactions with the substrate analogue
and three potential allosteric regulators. The obtained
information on the Mt-PPase regulation pathways could be
used for designing specific inhibitors of this enzyme.
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MATERIALS AND METHODS

Genetic constructs. The Mt-PPase/pUC-19 genetic
construct for expression of the wild-type Mt-PPase was
produced in our previous work [11]. The Argl4GIn muta-
tion was introduced by the two-step PCR with primers 1
(forward) and 2 (reverse) (Evrogen, Russia). Primer
sequences are shown in Table 1. The produced fragment
was digested with Ndel and BglII restriction endonucle-
ases (Thermo Fisher Scientific, USA) and ligated into
linearized pET-42a vector for expression (Thermo Fisher
Scientific).

The 1-12 fragment (SLLNVPAGKDLP) from Ec-
PPase was attached to the N-terminus of Mt-PPase using
previously described plasmids Mt-PPase/pET-28a and
Ndel-Ec-PPase/pUC-18 [11]. The latter plasmid con-
tained the PPase gene from E. coli and Ndel recognition
site at the 5'-end. Three oligonucleotides were used as
primers at different stages (Table 1): primer 3 (encoding
amino acid residues 9-13 from Ec-PPase and 1-5 residues
from Mt-PPase); primer 4 (M13/pUC reverse primer);
and primer 5 (for insertion of EcoRI site at the 3’-end of
the Mt-PPase gene). The first polymerase chain reaction
was carried out with primers 3 and 4 on the Ndel-Ec-
PPase/pUC-18 plasmid (produced in our previous work).
The generated fragment was used in the second PCR with
the primers 4 and 5 using Mt-PPase/pET-28a plasmid
(obtained in our previous work). The produced DNA
fragment was hydrolyzed by Ndel and EcoRI restriction
endonucleases and ligated into pET23a plasmid.

Purification of proteins. The obtained genetic con-
structs were expressed in F. coli BL21(DED3) cells, and the
recombinant proteins were purified by hydrophobic chro-
matography as described previously for the wild-type Mt-
PPase [11]. Protein yield was 20-30 mg/liter culture. The
purity of the enzymes (99%) was evaluated by elec-
trophoresis according to Laemmli [12]. Proteins were
identified by mass spectrometry using a MALDI
TOF/TOF mass spectrometer (Bruker Daltonics, USA).

Protein preparations were stored at 4°C as suspen-
sions in ammonium sulfate solution (90% saturation).
Prior to the use, the enzymes were dissolved in a 50 mM
Tris-HCI buffer (pH 7.5) containing 5 mM MgCl,; next,
ammonium sulfate was removed by gel filtration on a

Table 1. Sequences of primers used in the study

Primer 5'—3" sequence
1 CCAAGGGCCAGCAGAACAAATACGAG
2 CTCGTATTTGTTCTGCTGGCCCCTTGG
3 ATGGTCACGTCGAATTGTTCCGGCAGATCTTTA
4 GTTTTCCCAGTCACGAC
5 GAGGAGAATTCGCGTTATCAG
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Sephadex G-50 column (GE Healthcare, USA). Protein
concentration was determined spectrophotometrically
using the following A% values calculated from the
enzyme amino acid composition using the ProtParam
program: 1.04 for the wild-type Mt-PPase and R14Q-
Mt-PPase; 0.98 for Ec-Mt-PPase. The theoretical
molecular masses of the subunits calculated with the
ProtParam program were 18.3 kDa for the wild-type Mt-
PPase and R14Q-Mt-PPase and 19.5 kDa for Ec-Mt-
PPase.

Pyrophosphate hydrolysis assay. The catalytic activity
of PPase was determined from the rate of product (phos-
phate) formation according to the previously described
technique based on the reaction of phosphomolybdate
complex with Malachite Green and sodium citrate [13].
An aliquot (0.5-1.5 pl) of PPase solution (total protein
concentration, 0.2-0.4 pg/ml) was added to 25 pl of
50 mM Tris-HCI buffer (pH 7.5) containing (if not indi-
cated otherwise) 5 mM Mg?* and 50 uM MgPP; complex
(total PP; concentration, 74.5 uM), and the mixture was
incubated at 20°C. At fixed time intervals (15-60 s), the
reaction was stopped by adding coloring solution contain-
ing Malachite Green (Sigma-Aldrich, USA), ammonium
molybdate (Reakhim, Russia), hydrochloric acid
(SigmaTek, Russia), polyvinyl alcohol (LenReaktiv,
Russia), and deionized water, followed by addition after
15 s of sodium citrate aqueous solution (Sigma-Aldrich).
Next, the optical density at 590 nm was measured with a
Victor x5 plate reader (Perkin Elmer, USA).

Dependence of Mt-PPase stability on pH and temper-
ature. Mt-PPase solution (0.1 mg/ml) in a buffer (pH
2.6-11) containing 5 mM Mg?* was incubated for 24 h at
4°C, and the residual activity was measured as described
above. The following buffers were used: 50 mM citric
acid/50 mM sodium citrate (pH 2.6-4.6); 50 mM MES
(pH 5.6-6.6); 50 mM Tris-HCI (pH 7.5-8.6); 50 mM
CAPSO (pH 9.6), and 50 mM CAPS (pH 10.6-11). To
evaluate the thermal stability of PPase, the enzyme solu-

K, ki
E < EM <& EM,,

(4,) (4,) (i4,)

Activation and inhibition of PPase upon sequential binding of
modulator ions. M is a modulator (Mg ion, PCP, or allosteric
effector); K, and K are apparent dissociation constants of the
enzyme complex with the modulator activating and inhibiting ion,
respectively; A4, is the activity in the absence of modulator;  and i
are activation and inhibition coefficients, respectively. In case of
Mg** as a modulator, 8 = o, i = 0, because the activity is equal to
zero both in the absence of Mg?* or at the infinitely high Mg**con-
centration. Parameters in parentheses designate the activities of
the corresponding enzyme forms. The maximal activity corre-
sponds to the EM complex

Scheme
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tion (0.1 mg/ml) was incubated for 10 min at 25-75°C in
50 mM Tris-HCI, pH 7.5 (measured at 25°C), containing
5 mM Mg?*, and the residual activity was measured.

Analytical ultracentrifugation was performed in an
analytical Spinco E centrifuge (Beckman, USA) at
48,000 rpm with scanning at 280 nm. Prior to centrifuga-
tion, enzyme samples were preincubated overnight at 4°C
in 50 mM Tris-HCI (pH 7.5) containing 5 mM MgCl,.

Data processing and structure modeling. Inhibition
by fluoride and calcium ions, as well as the effect of meth-
ylene bisphosphonate (PCP), were described by a simple
hyperbolic function. The Scheme shown above was used
to describe the bell-shape dependence of the Mt-PPase
activity on the concentration of modulating compound.

The reaction rate in the scheme is determined by Eq.
(1), where A is the measured activity, 4 is the empirical
coefficient (Hill coefficient analogue). The value of 4 is
less or equal to the number of modulator ions, whose
binding causes inhibition, and can assume non-integer
values.

A= A1 + BIMI/K, + i[M]""/K,K!)/
/(1 + [MI/K, + [MI""/K.KD). )]

Equation (2) was used to describe the bell-shaped
dependence of PPase stability on pH, which assumed the
presence of m and n of basic and acidic groups with pK,,
and pK,,, respectively:

A= Amax/[l + 10™PKa—pH) 4 lon(prpKaz)]_ (2)

The temperature of PPase half-inactivation (7,)
was determined from the dependence of enzyme activity
on the preincubation temperature using Eq. (3), where a
is an empiric coefficient:

A= Ao/ 11+ (T/T, )] 3)

SigmaPlot software (Systat Software Inc, USA) was
used for the non-linear regression data approximation.
Sedimentation coefficient (s,,,) was calculated from the
sedimentation profile using the SedFit program [14].
Homology modeling was carried out with the SWISS-
MODEL using standard parameters and Ec-PPase struc-
ture (PDB ID 10BW) as a template.

RESULTS

Selection of mutagenesis strategies. The absence of
the N-terminal 12-amino acid fragment in Mt-PPase dis-
tinguishes it from Ec-PPase and majority of family I
PPases [7]. In Ec-PPase, this fragment (SLL-
NVPAGKDLP) includes several residues that form
hydrogen bonds and hydrophobic contacts (Serl-Ser36,
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Leu2-Ala38) between the subunits in the enzyme trimer
[11]. Due to the lack of this fragment in Mt-PPase, there
is a cavity in the intra-trimeric interface, where low-
molecular-weight ligands (potential allosteric effectors)
can bind.

In order to test this hypothesis, we constructed
chimeric Ec-Mt-PPase protein, in which the Mt-PPase
polypeptide chain was extended at the N-terminus with
residues 1-12 from Ec-PPase. Homology modeling
demonstrated that the added fragment could occupy the
same position as in Ec-PPase (Fig. 1b) and interfere with
the binding of allosteric effector at the intra-trimeric
interface.

The Argl4 residue is exposed into the inter-trimeric
interface of Mt-PPase (Fig. 1a) and acts as a component
of the positively charged Lysl1-Argl4-ArglO1 cluster
formed by residues from three subunits. The network of
Argl4 contacts of different nature holds in position the
Tyr31—Met36 loop participating in the formation of the
inter-trimeric contact. Similar cluster of residues in Ec-
PPase is composed of Lys112, Lys115, and Lys146 and
located in a different part of the subunit, where it forms
an allosteric site that binds ATP (activator) and fructose-
1-phosphate (inhibitor) [15, 16].

Purification and characterization of Mt-PPase
mutant forms. Two mutant forms of Mt-PPase — R14Q-

0.08 -

Mt-PPase
0.06
0.04

0.02

c(s)

R14Q-Mt-PPase
0.2
0.1
0 T
02] Ec-Mt-PPase
0.1
0

T T T T
T T T T

T T T T T
0 2 4 6 8 10 12

Sedimentation coefficient, S

Fig. 2. Sedimentation coefficients for the three forms of Mt-PPase
at 20°C. Protein concentration in all experiments was 0.6 mg/ml.
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Table 2. Sedimentation coefficients (s ,,) and suggested
oligomeric organization of PPases

Enzyme Sa0.ws S Oligomeric form
Mt-PPase 6.6 hexamer
R14Q-Mt-PPase 7.4 hexamer
Ec-Mt-PPase 7.8 hexamer
Ec-PPase [17] 6.0 hexamer

Mt-PPase and Ec-Mt-PPase — were produced in E. coli.
Protein identity was confirmed by MALDI mass spec-
trometry from the masses of full-length proteins and a set
of peptides formed by protein trypsinolysis (data not
shown).

The quaternary structure of the three forms of Mt-
PPase was evaluated by ultracentrifugation (Fig. 2). In all
cases, the major protein fraction was represented by hexa-
mers (Table 2). All protein preparations also contained a
small amount of a higher molecular mass form (presum-
ably, dodecamer).

The mutant forms of Mt-PPase were investigated for
the catalytic parameters of MgPP; hydrolysis, maximal
activity and K, dissociation constants of complexes with
the metal cofactor Mg?* and inhibitors (Ca?* and F),
and parameters of pH- and thermal stability of the hexa-
mer (Table 3). The K,(Mg**) parameter in Table 3 refers
to one of the two Mg?" ions that activate the enzyme. The
second activating Mg?* ion is bound much stronger and,
hence, does not manifest itself over the used range of
Mg?* concentrations. As follows from the obtained data,
mutations significantly improved the catalytic character-
istics of Mt-PPase. The maximal activity (catalytic con-
stant) increased, while K, decreased, which made these
parameters similar to those reported for Ec-PPase.
Moreover, the mutations abolished the inhibitory effect of
the high concentrations of metal cofactor (Mg?"). On the
other hand, both mutants exhibited decreased affinity to
the activating Mg?* ion, and the R14Q mutation reduced
the thermal stability of the enzyme. The effects of
inhibitors (fluoride and calcium ions) were only slightly
altered, except that the chimeric protein demonstrated
increased sensitivity to Ca®* ions.

Activation and inhibition of Mt-PPase with the sub-
strate analogue. The presence of binding sites for the
allosteric effector at the subunit contact zones, separate
from the active site, is common feature for family I
PPases [3]. Some pyrophosphate analogues can bind
either in the active site or regulatory allosteric site. In par-
ticular, the allosteric regulator ATP can be hydrolyzed in
the active site of Ec-PPase [15]. The free form of
pyrophosphate activates Ec-PPase via binding at the
allosteric site [19, 22]. In order to test the presence of
allosteric binding sites in Mt-PPase and their connection
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Table 3. Catalytic properties of Mt-PPase variants in comparison with Ec-PPase

ROMANOV et al.

Parameter Mt-PPase R14Q-Mt-PPase Ec-Mt-PPase Ec-PPase
Maximal activity, U/mg 295+7 646 £ 13 505+ 10 754 £ 13 [7]
K, uM 6.0+0.5 26403 29+0.1 32+40.3(7]
K, (Mg*"), uM 140 + 40 600 + 30 360 + 20 200 + 40 [18]
K, (Mg?*), mM 36+ 4 16 +2[19]
K (F), uM 660 + 30 710 £+ 40 500 + 30 36.0 £ 0.2 [20]
K (Ca*"), uyM 310 + 30 400 + 22 160 + 10 10 + 1 [21]
T, inactivation, °C 60 £2 40 £ 1 5712 70 £3
pK,, (pH-stability) 54+0.2 45403 5.40 £0.02 6.0+0.2[7]
m 43415 40405 25402 6[7]
pK,, (pH-stability) 9.8+0.2 8.7+0.3 8.04 £ 0.06 >8.5[7]
n 43415 40405 25402 6[7]

to the zones of oligomeric contacts, we investigated the
effect of non-hydrolyzable pyrophosphate analogue,
PCP, on the activity of Mt-PPase and its mutant variants
Ec-Mt-PPase and R14Q-Mt-PPase carrying modifica-
tions at the subunit interfaces.
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The obtained data (Fig. 3a) demonstrate pro-
nounced distinction in the behavior of Mt-PPase and Ec-
PPase. While PCP almost completely inhibited Ec-
PPase, Mt-PPase was activated by this compound. Unlike
the native enzyme, the mutant forms of Mt-PPase were
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Fig. 3. Effect of PCP (a), ATP (b), fructose-1-phosphate (c), and L-malate (d) on the activities of Ec-PPase and three forms of Mt-PPase.
Mt, Mt-PPase; R14Q-Mt, Mt-PPase with the R14Q substitution; Ec-Mt, Mt-PPase fused with the Ec-PPase fragment; Ec, Ec-PPase. Solid
line curves represent the best approximations with Eq. (1).
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Table 4. Parameters of the interaction of Ec-PPase and three forms of Mt-PPase with PCP, ATP, fructose-1-phos-

phate, and L-malate obtained from the data shown in Fig. 3

Activation Inhibition
Enzyme h
B Ky, M i K, uM
Methylene bisphosphonate (PCP)
Mt-PPase 1.46 £ 0.05 11£3
R14Q-Mt-PPase 0.71 £ 0.01 1.9+0.2 ~1
Ec-Mt-PPase 0.58 £ 0.02 2+7 ~1
Ec-PPase <0.03 22+0.6 ~1
ATP
Mt-PPase 1.60 £ 0.20 30£10 <0.03 120 £ 20 23+£0.3
R14Q-Mt-PPase 1.19 £ 0.03 40+ 10 <0.03 140 £+ 40 22%0.1
Ec-Mt-PPase 1.25+£0.25 24+ 3 <0.03 130 £ 10 1.9+0.3
Ec-PPase 1.80 £ 0.10 7+3 0.21+0.05 90 + 10 311
Fructose-1-phosphate
Mt-PPase >4 >60 0.3£0.2 <60 1.9+0.7
R14Q-Mt-PPase 33+£04 14+6 <0.03 84 + 14 1.9+0.2
Ec-Mt-PPase 2.5+0.2 50+ 10
Ec-PPase 25%+0.3 280 £ 180
L-Malate

Mt-PPase 1.4+0.1 20+ 10 <0.03 250 + 10 4+1
R14Q-Mt-PPase 1.30 £ 0.05 30+ 10 <0.03 240 + 10 2.8 £0.1
Ec-Mt-PPase 4+£1 40 £ 10 <0.03 141 £ 12 3£0.7
Ec-PPase 32103 4+1 <0.03 230 £ 10 2+0

inhibited by PCP, but the decrease in their activity was no
more than 40%.

The obtained dependencies could be described by a
simplified scheme suggesting the binding of either acti-
vating or inhibiting PCP molecule. The parameters pro-
duced using this scheme (Table 4) show that the affinity of
the wild-type Mt-PPase to PCP is an order of magnitude
lower than that of Ec-PPase. The affinity to PCP virtual-
ly did not change for the chimeric Ec-Mt-PPase, but
increased almost ten-fold for R14Q-Mt-PPase.

Activation and inhibition of Mt-PPase by metabolites.
We also examined the effects of ATP, fructose-1-phos-
phate, and L-malate on the activity of Mt-PPase. These
compounds were selected based on the fact that ATP and
fructose-1-phosphate affect the activity of Ec-PPase [15,
16], and bound L-malate was found in the crystal struc-
ture of PPase from Bartonella henselae (PDB ID 3SW5).
All three compounds activated Mt-PPase at low concen-
trations and inhibited it at high concentrations (Fig. 3, b-
d). The effects of ATP and L-malate was qualitatively
similar for all investigated proteins, while the inhibitory
effect of fructose-1-phosphate was absent for Ec-PPase

BIOCHEMISTRY (Moscow) Vol. 85 No. 3 2020

and Ec-Mt-PPase. Based on the activity profiles in the
presence of fructose-1-phosphate and L-malate, chimeric
Ec-Mt-PPase was found to be closer to Ec-PPase than
Mt-PPase, while R14Q-Mt-PPase was virtually indistin-
guishable from the wild-type Mt-PPase (Fig. 3c). The
parameters of enzyme activation and inhibition calculat-
ed based on the suggested scheme are presented in Table
4. As one can see, the K, values for different forms of Mt-
PPase and various modulators do not differ significantly
in the majority of cases. A sharp drop in the activity at
high concentrations of ATP and L-malate indicates that
this effect is due to the cooperative binding of several
inhibitor molecules. The /# value equals approximately 2
for ATP and 3 for L-malate. In the majority of other
cases, is does not differ significantly from 1.

DISCUSSION

Mutations examined in this work in one way or
another are involved into formation of oligomeric con-
tacts in the hexameric Mt-PPase, which explains most of
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the observed effects. An increased activity of the mutant
forms could indicate that formation of oligomer contacts
in the native hexameric Mt-PPase suppresses its activity,
i.e., represents a form of internal inhibition (“self-inhibi-
tion”). Hence, disruption of oligomeric contacts due to
the introduced structural changes alleviates this internal
inhibition and, in a certain sense, restores catalytic activ-
ity of the protein by increasing the catalytic constant and
decreasing K. Furthermore, modification of the subunit
contact zones does not change the oligomeric structure of
Mt-PPase, but makes it less compact, as shown by the
results of sedimentation analysis. In particular, the sy,
values for the mutant forms in Table 2 are significantly
higher than for the wild-type enzyme, even when 8%
increase in the Ec-Mt-PPase mass is taken into account.
In addition to their influence on the catalytic activity, the
mutations decreased the enzyme affinity to, and abol-
ished inhibition by, the excess of the metal cofactor ions.
Hence, the effect of the cofactor, which also binds to the
active site, could depend on the subunit contacts and
compactness of the molecule as a whole.

Activation of Mt-PPase by the non-hydrolyzable
substrate analogue PCP could indicate that PCP binds to
the enzyme region other than the active site. Positive het-
erotropic cooperativity of the active sites seems like a less
probable explanation, because the substrate interacts with
the active site in a non-cooperative manner [7, 11]. Our
data suggest that the binding site for the activating PCP
molecule is either located at the inter-subunit interfaces
or interacts through them with the active site, because
both mutations removed Mt-PPase activation by PCP.
Partial inhibition observed for the mutant forms is also
difficult to explain considering that PCP binds to the
active site. It is more likely that inhibition develops as the
allosteric binding sites get occupied.

In general, the effect of PCP on Mt-PPase is funda-
mentally different from its effect on Ec-PPase, for which
it plays the role of competitive inhibitor with K; approxi-
mately the same as K, [22]. This fact has an important
practical implication by suggesting that rational design of
selective Mt-PPase inhibitors based on the substrate ana-
logues would not be a very promising approach.

ATP, fructose-1-phosphate, and L-malate are
metabolites of key importance for all organisms; hence,
their effect on Mt-PPase activity observed in vitro could
reflect their participation in the regulation of PPases in
vivo. The dissociation constants of enzyme complexes
with these effectors are in the range of 10-300 puM,
which allows their application as lead compounds in the
development of high affinity inhibitors. The effects of
ATP and L-malate on Mt-PPase and Ec-PPase are qual-
itatively similar: both compounds activate these
enzymes at low concentrations, but inhibit them at high
concentrations (Fig. 3, b and d). This indicates the pres-
ence of several binding sites for these metabolites in the
protein molecule. Fructose-1-phosphate also exhibited
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similar dual effect on Mt-PPase, while, in the case of
Ec-PPase, it acted only as an activator. The inhibitory
effect of fructose-1-phosphate on Mt-PPase was abol-
ished when the N-terminal fragment of Ec-PPase was
attached to Mt-PPase. This modification of Mt-PPase
also made it similar to Ec-PPase in regard to the effect
of PCP.

Taken together, the obtained data indicate the pres-
ence of more than one (probably two or three) allosteric
effector-binding sites in Mt-PPase. Activation by ligands,
as well as partial inhibition by PCP, could not be explained
by the binding of these compounds in the active site. The
respective allosteric sites (conditionally named “activating
sites”) could be located at the inter-trimeric interfaces.
This follows from the data of X-ray diffraction analysis of
other hexameric PPases, in which bound L-malate and
phosphate were found only in this zone (PDB ID 3SW5
and 3FQ3, respectively), which implies that the respective
site exhibits the highest affinity to these ligands. The affin-
ity of the “inhibitory site” to ATP, fructose-1-phosphate,
and L-malate is significantly lower, but their binding at
these sites is characterized by high cooperativity. The
observed regularities can be explained within the frame-
work of the model according to which both activating and
inhibiting ligands bind to the same allosteric site located at
the inter-subunit interface of each subunit. The filling of
this center in one subunit causes enzyme activation, while
its filling in other subunits causes inhibition, which
implies interconnection between the subunits.

An alternative explanation suggests the binding of
effectors at two (or even three) allosteric sites in each sub-
unit. One of these sites is activating, and the others are
inhibitory. If the subunit has one inhibitory site, the coop-
erative nature of inhibition can be explained only by
interaction between the inhibitory sites in different sub-
units. Considering that the cavity at the inter-trimeric
interface is likely the activating site, the role of inhibitory
sites could be assigned to the cavity that is exposed in Mt-
PPase due to the lack of the N-terminal fragment. The
absence of inhibition of Ec-Mt-PPase by fructose-1-
phosphate (similarly to the Ec-PPase) supports this sug-
gestion. If two inhibitory sites are present, they can be
independent. Moreover, one of the inhibitory sites could
act as the enzyme active site. The possibility of ATP bind-
ing in the active site follows from the presence of ATPase
activity in Mt-PPase [11]. Our further studies are aimed
at experimental verification of the above possibilities.
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