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Kinetic characteristics of pyrophosphatase in cell-free extracts of sulfate-reducing bacteria
(Desulfovibrio piger Vib-7 and Desulfomicrobium sp. Rod-9) isolated from human intestine were
studied. The enzyme activity, initial (instantaneous) reaction rate (\V,), maximum amount of the
product of reaction (Ppax), the reaction time (half saturation period, ), and maximum rate of the
pyrophosphatase reaction (Vmax) in both strains D. piger Vib-7 and Desulfomicrobium sp. Rod-9
were defined. Michaelis constants (K,) of the studied enzyme reaction (2.53+0.27 mM for D.
piger Vib-7 and 2.60+0.21 mM for Desulfomicrobium sp. Rod-9) were calculated.
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The initial steps in the dissimilatory reduction of sulfate in the sulfate-reducing bacteria can

be summarized by the following equations [1, 7]:
ATP + SO4% <> APS + PP;; PP;+ H,0 — 2P;; APS +2e <> AMS + SO3”.

Pyrophosphatase (or inorganic pyrophosphatase) is an enzyme that catalyzes the conversion
of one molecule of pyrophosphate to two phosphate ions [3, 7]. Inorganic pyrophosphate (PP;) is
produced in various reversible nucleoside 5'-triphosphatedependent reactions, which presumably
are pulled in the biosynthetic direction in vivo by enzymatic hydrolysis of PP, catalyzed by
inorganic pyrophosphatase (EC 3.6.1.1; hereafter referred to as PPase). In addition, PP;, is formed,
like ATP, by photophosphorylation, oxidative phosphorylation, and glycolysis [11].

In literature, there are a lot of data about pyrophosphatase of the sulfate-reducing bacteria
isolated from environment [1, 3, 7, 11, 14]. However, the data on activity and the kinetic properties
of this enzyme from intestinal sulfate-reducing bacteria Desulfovibrio piger and Desulfomicrobium
sp. has not been reported yet.

The aim of our work was to study pyrophosphatase activity in cell-free extract of intestinal
sulfate-reducing bacteria D. piger Vib-7 and Desulfomicrobium sp. Rod-9 and to carry out the Kinetic
analysis of enzymatic reaction.

Materials and Methods

Objects of the study were sulfate-reducing bacteria Desulfovibrio piger Vib-7 and
Desulfomicrobium sp. Rod-9 isolated from the human large intestine and identified [9, 10].

Obtaining cell-free extracts. Cells were harvested at the beginning of the stationary phase,
suspended at +4°C in buffer containing 50 mM Tris-HCI (pH 8.0), and passed through a Manton-
Gaulin press at 9,000 psi. The extracts were centrifuged at +4°C for 10 min at 15,000g; the pellet
was then used as sedimentary fraction, and the supernatant obtained was termed the soluble fraction
[4]. This extract was subjected to further centrifugation at 180,000g for 1 h to eliminate the
membrane fraction. A clear supernatant, containing the soluble fraction, was then used as cell-free
extract. Protein concentration in the cell-free extracts was determined by the Lowry method [12].

Assays for pyrophosphatase activity. Enzyme assays were performed by using cell-free extracts,
soluble and sedimentary fraction. The enzyme was assayed by Akagi and Campbell as described in
paper [1]. Pyrophosphatase activity was measured by determining the amount of inorganic phosphate
liberated from sodium pyrophosphate after 10 min of incubation at +30°C. The reaction mixture
contained: MgCly, 5 pmoles; sodium pyrophosphate, 5 umoles; Tris buffer (pH 8.0), 50 pmoles; and
enzyme in a final volume of 0.7 ml. At the end of the incubation period, the reaction was stopped by the
addition of 1.0 ml of 5 N H,SO4. Any turbidity formed was removed by centrifugation prior to reading
the tubes in a spectrophotometer. The level of inorganic phosphorus (P;) was measured
spectrophotometrically in the obtained supernatant without protein. The amount of reaction products
were determined by Rathbun and Betlach (1969) [13]. One unit of enzyme is defined as that amount
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which produces 1 pmoles of inorganic phosphate under the conditions specified. Specific enzyme

activity was expressed as Uxmg™ protein. The activity of the enzyme in the cell-free extracts of both
strains under the effect of different temperature and pH in the incubation medium were measured.

Kinetic analysis. Kinetic analysis of the enzyme reaction was performed in a standard
incubation medium (as it was described above) with modified physical and chemical characteristics
of the respective parameters (the incubation time, substrate concentration, temperature and pH). The
kinetic parameters characterizing the pyrophosphatase reaction are the initial (instantaneous)
reaction rate (Vo), maximum rate of the reaction (Vmax), maximum amount of the reaction product
(Pmax) and characteristic reaction time (time half saturation) t were determined. The amount of the
reaction product was calculated stoichiometrically. The Kinetic parameters characterizing
pyrophosphatase reactions are Michaelis constant (Kn) and maximum reaction rate of substrate
composition were determined by Lineweaver-Burk plot [6].

Statistical analysis. Kinetic and statistical calculations of the results were carried out using the
Microsoft Excel and Origin computer programs. The research results were treated by the methods of
variation statistics using Student t-test. The equation of the straight line that the best approximates the
experimental data was calculated by the method of least squares. The absolute value of the correlation
coefficient r was from 0.90 to 0.98. The significance of the calculated parameters of line was tested by
the Fisher’s F-test. The accurate approximation was when P<0.05 [2].

Results and Discussion

Activity of pyrophosphatase was measured in different fractions (cell-free extract, soluble,
and sedimentary) obtained from bacterial cells (Table 1). The highest specific activity of the enzyme
was 24.27+2.47 and 8.16+0.82 Uxmg™ protein for D. piger Vib-7 and Desulfomicrobium sp. Rod-9,
respectively, in cell-free extract. Much lower activity of pyrophosphatase for both bacterial strains was
determined in soluble fraction compared to the cell-free extracts. Its values designated 5.3240.56 Uxmg™
protein for D. piger Vib-7 and 1.54+0.15 Uxmg™ protein for Desulfomicrobium sp. Rod-9. There was not

observed enzyme activity in sedimentary fraction. Perhaps, the lower level of enzyme activity in soluble fraction

indicates that phosphate was not fully released in the fraction and may still be in a bound state with some compounds.

Table 1
Pyrophosphatase activity in different fractions obtained from bacterial cells
Specific activity of pyrophosphatase (Uxmg™ protein)
Sulfate-reducing bacteria Individual fractions
Cell-free extract
Soluble Sedimentary
Desulfovibrio piger Vib-7 24.27+2.47 5.32+0.56 0
Desulfomicrobium sp. Rod-9 8.16+0.82*** 1.5440.15%** 0

Comment: The assays were carried out at a protein concentration of 48.12 mg/ml (for D. piger Vib-7) and 43.75 mg/ml
(for Desulfomicrobium sp. Rod-9). Enzyme activity was determined after 10 min incubation. Statistical
significance of the values M+m, n=3; ***P<0.001, compared to D. piger Vib-7 strain.
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The effect of temperature and pH of the incubation medium on the pyrophosphatase activity
in the cell-free extracts of the sulfate-reducing bacteria was studied (fig. 1). The enzyme activity
exhibited typical bell-shaped curves as a function of temperature and pH. The maximum specific

activity for both bacterial strains was determined at +35°C.
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Fig. 1. Effect of temperature (A) and pH (B) on pyrophosphatase activity in the cell-free extracts

An increase or decrease in temperature of incubation leads to a decrease of the activity of
studied enzyme in the cell-free bacterial extracts. The highest enzyme activity of pyrophosphatase
was determined in the cell-free extracts of both strains at pH 8.0...8.5.

To study the characteristics and mechanism of pyrophosphatase reaction, the initial
(instantaneous) reaction rate (Vo), maximum rate of the reaction (Vmax), maximum amount of
reaction product (Pmax) and reaction time (t) were defined. Dynamics of inorganic phosphate
accumulation in the cell-free extracts was studied for investigation of the kinetic parameters of
pyrophosphatase (fig. 2).

Experimental data showed that the kinetic curves of pyrophosphatase activity have tendency
to saturation (fig. 2, A). Analysis of the results allows to reach the conclusion that the Kinetics of
enzyme activity in the studied bacteria was consistent to the zero-order reaction in the range of 0-3
min (the graph of the dependence of product formation on the incubation time was almost linear in
this interval of time). Therefore the duration of the incubation of extracts was 3 min in subsequent

experiments.
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Fig. 2. Kinetic parameters of pyrophosphatase activity in cell-free extracts of D. piger Vib-7 and Desulfomicrobium sp.

Rod-9: A — dynamics of product accumulation (M+m, n=3); B — linearization of curves of product accumulation
in {P/t; P} coordinates (n=3; R*>0.9; F<0.02); C - the effect of different substrate concentrations on

pyrophosphatase activity (M+m, n=3); D — linearization of concentration curves, which are shown in fig. 2C, in

the Lineweaver-Burk plot, where V is rate of pyrophosphatase reaction and S is substrate concentration (n=3;

R?*>0.93; F<0.005).

Amount of product of pyrophosphatase reaction was higher (in three times) in the D. piger

Vib-7 compared to the Desulfomicrobium sp. Rod-9 in the entire range of time factor. The basic

kinetic properties of the reaction in the cell-free extracts of the sulfate-reducing bacteria were

calculated by linearization of the data in the {P/t; P} coordinates (fig. 2B, table 2).

Table 2

Kinetic parameters of the phosphate accumulation in the cell-free extracts of bacterial strains

Sulfate-reducing bacteria

Kinetic parameters Desulfovibrio piger Vib-7 Desulfomicrobium sp. Rod-9
Vo (pmol/minxmg™ protein) 18.2441.92 5.81+0.52%**
Prmax (umolxmg™ protein) 29.71+3.17 10.0741.12%**
T (min) 1.6240.15 1.73+0.18

Comment: Vj is initial (instantaneous) reaction rate; Pp.x iS maximum amount (plateau) of the product of reaction; T is
the reaction time (half saturation period). Statistical significance of the values M+m, n=3; ***P<0.001,

compared to the Desulfovibrio piger Vib-7 strain.

The Kinetic parameters of pyrophosphatase in cell-free extracts of D. piger Vib-7 and

Desulfomicrobium sp. Rod-9 were significantly different. Values of initial (instantaneous) reaction
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rate (Vo) for pyrophosphatase activity in both bacterial strains was calculated by the maximum

amount of the product reaction (Pmax). Initial rate for pyrophosphatase reaction was higher in the D.
piger Vib-7 (18.24+1.92 pmol/minxmg™ protein) compared to Desulfomicrobium sp. Rod-9 (5.81+0.52
umol/minxmg™ protein). Based on these data, there is assume that the D. piger Vib-7 can consume
pyrophosphate faster (approximately three times) in their cells than Desulfomicrobium sp. Rod-9.

Moreover, this hypothetical assumption can be also confirmed by obtained data on the product accumulation in
enzymatic reaction, its maximum values designated 29.714+3.17 umolxmg™ protein for D. piger Vib-7 and
10.07+1.12 pmolxmg™ protein for Desulfomicrobium sp. Rod-9. However, the reaction time (half
saturation period) for pyrophosphate reduction was almost similar in both bacterial strains. The
intracellular PP, concentration depends mainly on the activity of PPase in the cells. Hence factors
which affect the intracellular location or total activity of PPase influence secondarily all reactions in
which PP, has a role as a substrate or regulator. Changes in the state of PPase thus have a wide
effect on the general metabolism [11].

The kinetic analysis of pyrophosphatase activity depending on the substrate concentration
was carried out. According to the obtained results, increasing of sulfite concentrations from 0.5 to
5.0 mM causes a monotonic rise of the studied enzyme activity and the activity was maintained on
unchanged level (plateau) under substrate concentrations over 5.0 mM (fig. 2C). Curves of the
dependence {1/V; 1/[S]} were distinguished by the tangent slope and intersect the vertical axis in
one point (fig. 2D). The basic kinetic parameters of pyrophosphatase activity in D. piger Vib-7 and
Desulfomicrobium sp. Rod-9 were identified. The kinetic parameters indicate that the maximum rate
(Vmax) of product accumulation in D. piger Vib-7 and Desulfomicrobium sp. Rod-9 was significantly
different to each other. The maximum rate of the enzyme reaction was designated 43.8614.24
pumol/minxmg™ protein for D. piger Vib-7 and 13.74+1.32 pmol/minxmg® protein for
Desulfomicrobium sp. Rod-9 strain. However, Michaelis constants (Ky,) for enzyme reaction in both
bacterial strains were similar: 2.53+0.27 and 2.60+0.21 mM for D. piger Vib-7 and

Desulfomicrobium sp. Rod-9, respectively (Table 3).

Table 3
Kinetic parameters of pyrophosphatase activity depending on
pyrophosphate concentration in the incubation medium
o Sulfate-reducing bacteria
Kinetic parameters _ _ _ _
Desulfovibrio piger Vib-7 Desulfomicrobium sp. Rod-9
Vimax (umol/minxmg™? protein) 43.86+4.24 13.74+1.32%**
Km (MM) 2.53+0.27 2.60+0.21

Comment: Vyax is maximum rate of the enzyme reaction; Ky, is Michaelis constant which was determined by the
substrate. Statistical significance of the values M+m, n=3; ***P<0.001, compared to the Desulfovibrio
piger Vib-7 strain.
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Inorganic pyrophosphatase was purified from Desulfovibrio desulfuricans and described by

J.M. Akagi and L.L. Campbell [1]. The authors have shown that enzymatic activity in sonically
disrupted D desulfuricans cells was 5.5 Uxmg™ protein. The pH optimum (8.0...8.5) for
pyrophosphatase activity in D. desulfuricans was also consistent to our results for both D. piger Vib-
7 and Desulfomicrobium sp. Rod-9 strains. This pH optimum corresponds to conditions which are
present in the human large intestine from where the bacterial strains were isolated. Perhaps, such
conditions provide their intensive development in the gut. The K, (Kn), for the pyrophosphatase of
D. desulfuricans was found to be in the region of 1.9x10® M that is also similar to the obtained
results. Moreover, the pyrophosphatase activity in D. piger Vib-7 was similar to the enzyme activity
in D. desulfuricans previously described by D.A. Ware and J.R. Postgate [14]. In their paper, the
enzyme activity was 19 U/mg of protein in cell-free extract from D. desulfuricans.

Pyrophosphate, serves as a source of energy for several reactions in the sulfate-reducing
bacteria. It also regulates many enzymes without actually participating in the reactions. In addition,
recent discoveries have suggested that PPase might have important roles not only in the regulation
of macromolecular synthesis and growth, but also in evolutionary events by affecting the accuracy
by which DNA molecules are copied during chromosome duplication [11].

Inorganic pyrophosphatases as a substrate, which has three mechanisms was described by
Kajander T. et al. (2013). Soluble inorganic pyrophosphatases catalyse an essential reaction, the
hydrolysis of pyrophosphate to inorganic phosphate. In addition, an evolutionarily ancient family of
membraneintegral pyrophosphatases couple of this hydrolysis to Na* and/or H" pumping, and so
recycle some of the free energy from the pyrophosphate. The structures of the H*-pumping mung
bean PPase and the Na*-pumping Thermotoga maritima PPase revealed an entirely novel membrane
protein containing 16 transmembrane helices. The hydrolytic centre, well above the membrane, is
linked by a charged “coupling funnel” to the ionic gate. By comparing the active sites, fluoride
inhibition data and the various models for ion transport, Kajander et al. (2013) have concluded that
membrane-integral PPases probably use binding of pyrophosphate to drive pumping [5].

In summary, we have concluded that the pyrophosphatase activity, initial (instantaneous)
and maximum reaction rate, maximum amount of the product of enzyme reaction were significantly
higher in the D. piger Vib-7 cells compared to the Desulfomicrobium sp. Rod-9 strain. The
maximum pyrophosphatase activity for both strains was determined at +35°C and at pH 8.0...8.5
that corresponds to conditions in the human large intestine from where the bacterial strains were
isolated. According to the obtained results, the studies of the Kkinetic characteristics of
pyrophosphatase in process sulfate reduction in the D. piger Vib-7 and Desulfomicrobium sp. Rod-9
can be perspective for clarification of the etiological role of these bacteria in the development of the

bowel diseases.
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KIHETHYHI XAPAKTEPUCTHKHU NTPOD®OCPATA3H
CYJIb®ATBIITHOBJIIOBAJIBHUX BAKTEPIV KMIIEYHUKA JIIOUHA
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JocmimkeHo  KIHETHYHI  BIAcTHBOCTI  mipodocdartasm y  OE3KNITHHHHX  EKCTPaKTax
cynbarsinHoBmoBansHuX Oaxtepiit (Desulfovibrio piger Vib-7 i Desulfomicrobium sp. Rod-9),
i301IbOBaHMX 3 KULICYHWKA JIFOAMHA. BU3HAYCHO aKTHBHICTH (EPMEHTY, IOYAaTKOBY (MHTTEBY)
mBuakicTs peakuii (Vo), MakcHMalibHy KUTbKiCTh MpoaykTy peakiii (Pma), Yac peakuii (mepiox
HaMiBpo3Maay (HaCHYEHICTh), T) i MaKCHMalbHy IIBUAKICTH mipodocdarasuoi peakuii (Vmax) B
obox mramie D. piger Vib-7 i Desulfomicrobium sp. Rod-9. Po3paxoBato koHcranti Mixaenica
(Km) mocmipkysanoi ¢hepmentatuBHoi peakuii (2,53+0,27 MM st D. piger Vib-7 i 2,6040,21 MM

quis Desulfomicrobium sp. Rod-9).

Kniouosi cnosa: axruHicth mipodocdarasu, KiHeTHUHMH aHani3, Cynb(aTBiJHOBIIOBAIbHI

GakTepii, KUIIIKOBI MiKpOOIOIEHO3H, 3aMabHi 3aXBOPIOBAHHs KHIIICUHNKA.

KHHETHYECKHUE XAPAKTEPUCTUKHU ITMPODPOCPATA3DI
CYJb®ATBOCCTAHABJIUBAIOIINX BAKTEPUI KHIIIEYHUKA YEJIOBEKA

H. KymkeBu4

Hncemumym ouonocuu scusomnvix HAAH Yrpaunvl
ya. B. Cmyca, 38, JIveos 79034, Vkpauna
e-mail: ivan.kushkevych@gmail.com

HccnenoBaHo — KMHETHYECKHe —cBoWcTBa mmpodocharasbl B OSCKICTOYHBIX  OKCTPAKTax
cynbaTBoccrananuBaronmx oakrepuii (Desulfovibrio piger Vib-7 u Desulfomicrobium sp. Rod-
9), M30JIMPOBAHHBIX U3 KHINEYHHKA 4enoBeka. ONpeaeneHo aKTHBHOCTh (pepMEeHTa, HAYaIbHOI0
(MraoBeHHOI0) cKopocTh peakuuu (Vp), MAKCUMAaJIbHOE KOJMYECTBO MpOAyKTa peakiuid (Pmax),
BpeMsi peakuui (MepHoX moiaypacmana (HACBILEHHOCTH), T) M MAaKCHMAIBHYIO CKOPOCTb
mmpodocdaraznon peakimu (Vma) B oboux mrammos D. piger Vib-7 u Desulfomicrobium sp.
Rod-9. Ompeneneno koncrautel Muxasmuca (Kp) wuccnenyemoit (hepMeHTaTHBHON peakiuu

(2,5340,27 MM g D. piger Vib-7 u 2,60+0,21 MM ais Desulfomicrobium sp. Rod-9) .

Kniouesvie crosa: aktnBHOCT MpodochaTaspl, KHHETHUECKUH aHAIN3, CYIb(aTBOCCTAHABINBAOIIIE

6a1<rep1/11/1, KHUIICYHBIC MI/IKpOGI/IOL[eHOSLI, BOCIAJIUTEIILHbIC 3a00JICBaHMS KMIIICUHHKA.



