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The kinetics of the two purified forms of pyruvate kinase from Salmonella typhimurium LT-2
were studied in assays at pH 6.8 where the relationships between the initial velocities of the
catalysed reactions and Mg?* are non-hyperbolic. The analysis show that Mg?* display positive
homotropic interactions in their binding behaviour with Hill coefficient values of 2.5 and 1.2 for

the form I and II, respectively.

The binding sites of the cation to the pyruvate kinases seem to be independent to those for
phosphoenolpyruvate and adenosine 5'-diphosphate; changes in the magnesium concentration
might be of physiological significance in relation to a rapid regeneration of adenosine 5'-triphos-

phate by means of the pyruvate kinase reaction.

Introduction

Pyruvate kinase (EC 2.7.1.40) plays a key role in
cell metabolism since it catalyzes the substrate-linked
phosphorilation reaction which produces adenosine
5'-triphosphate (ATP) and pyruvate from phos-
phoenolpyruvate (PEP) and adenosine 5’'-diphos-
phate (ADP). The pyruvate thus produced can be
used directly for the biosynthesis of the many cell
metabolites that have their origins in pyruvate or
acetyl-coenzyme A or it can be oxidized via the
tricarboxylic acid cycle to yield more ATP. Multiple
forms of the pyruvate kinase have been found in a
variety of animals, plants and microorganisms and
their properties and proposed metabolic functions
have been reviewed [1-3].

In Salmonella typhimurium the presence of the
two pyruvate kinases catalizing the same reaction
and the multiplicity of controls operative on these
enzymes raise certain questions in relation to the
physiological roles and their mechanisms of regula-
tion. In this report we present a study of the effect of
magnesium concentration on both enzymic activities,
which can contribute to a better understanding of the
function of the enzymes in the amphibolic Embden-
Meyerhof pathway.
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Materials and Methods
Bacteria and culture methods

The organism used was Salmonella typhimurium
LT-2 obtained from the Department of Biochemis-
try, University of Leicester, U.K. Cells were cul-
tured on glucose as described previously [4].

Preparation of extracts

Extracts were prepared by ultrasonication of cells
suspended in 50 mm  Tris-HCl pH 7.5 containing
1 mm EDTA, 2 mm 2-mercaptoethanol and 50 mm
KCl, as described previously [4].

Protein estimation

Protein was measured either colorimetrically, with
crystalline bovine serum albumin as standard, by the
modified Folin method [5] or spectrophotometry-
cally [6].

Enzymatic preparations

Pyruvate kinase I and II were purified to
homogeneity from the same culture by ammonium
sulphate and gel filtration; anion exchange and affin-
ity chromatographies as described by Garcia-Olalla
and Garrido-Pertierra [4].

Enzyme assays

Pyruvate kinase activity was assayed by measuring
the decrease in absorbance at 340 nm and 30 °C in a
Beckman Model 35 recording spectrophotometer ac-

@NOIS)

ND

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift fir Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Férderung der
Wissenschaften e.V. digitalisiert und unter folgender Lizenz veroffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der
Creative Commons Lizenzbedingung ,Keine Bearbeitung*) beabsichtigt,
um eine Nachnutzung auch im Rahmen zukiinftiger wissenschaftlicher
Nutzungsformen zu erméglichen.

This work has been digitalized and published in 2013 by Verlag Zeitschrift
fir Naturforschung in cooperation with the Max Planck Society for the
Advancement of Science under a Creative Commons Attribution-NoDerivs
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal
of the Creative Commons License condition “no derivative works”). This is
to allow reuse in the area of future scientific usage.



C. Garcia-Olalla and A. Garrido-Pertierra - Magnesium Effect on Pyruvate Kinases from S. typhimurium

cording to the method described previously [4]. The
reaction mixture for pyruvate kinase I contained in
1 ml: Hepes buffer, pH 6.8 (30 umol), MgCl,
(5 umol), ADP (2 umol), NADH, (0.15 umol), crys-
talline lactate dehydrogenase (5 pg), PEP (10 umol)
and purified pyruvate kinase I. For pyruvate kinase
IT assay the PEP amount was 1 umol and the purified
pyruvate kinase II amount 4 pg. The ratio of NADH
oxidized to pyruvate formed was assumed to be uni-
ty. One enzyme unit is defined as the amount which
catalyses the formation of 1 umol of pyruvate per
min, and specific activity is enzyme units per milli-
gram of protein. Assays under other conditions were
as described in the text.

Calculation of kinetic parameters

The datum points illustrated in the Figures and the
results show in the Table are mean values obtained
from two independent sets of measurements, each
conducted in duplicate. The Hill coefficients (h)
were calculated from Hill plots [7]. When sigmoidal
kinetics were obtained from velocity versus substrate
concentration plots, the apparent V,, values were
estimated from Scatchard or double reciprocal plots.

Chemicals

The sodium salt of adenosine 5'-disphosphate,
phosphoenolpyruvate, reduced nicotinamide
adenine dinucleotide (NADH,), fructose 1,6-bis-
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phosphate (FBP), EDTA, Hepes and rabbit muscle
lactic dehydrogenase type II were purchased from
SIGMA Chemical Co., St. Louis, Mo, USA. Mag-
nesium chloride “Analar” grade and the other chem-
icals were from Merck, Darmstadt, West Germany.

Results and Discussion

Three main roles for the Mg”>* in the reaction
mechanism of kinases seem possible: First, the Mg
ADP?~ complex might be the true bustrate of the
reaction; second, free cation might bind to the en-
zyme, and then act as a link between the active site
and ADP; third, the binding site for Mg>* might be
independent of the sites for the other substrates.
When Mg®* was the variable substrate, the purified
pyruvate kinase I showed sigmoidal kinetics, indicat-
ing positive cooperative interaction between the bi-
valent cation and the enzyme. This behaviour was
obtained both for a saturating PEP concentration
and three fixed ADP concentrations as well as for an
ADP concentration and two fixed PEP concentra-
tions (Table I). Hill plots were linear with maximal
slopes that indicate the existence of more than two
binding sites for Mg>" in the enzyme with some de-
gree of interaction between them [8]. Likewise, py-
ruvate kinase II showed sigmoidal kinetics when
Mg** was the variable substrate at a saturating PEP
concentration and two fixed ADP concentrations as
well as at an ADP concentration and two fixed PEP

Table I. Kinetic parameter of the homotropic interactions of pyruvate kinases from S. typhimurium with Mg>* *.

Enzyme Substrate Substrate (S)os h Viase
constant fixed (Hill coefficient) [nmol pyruvate
concentration concentration formed/min]
[m] [my] [my]

Isozyme I PEP 10.0 ADP 0.25 1.53 2.54 20.0
PEP 10.0 ADP 0.50 1.50 2.48 30.3
PEP 10.0 ADP 1.00 1.48 2,51 53.2
ADP 0.25 PEP 3.50 1.54 2.52 18.0
ADP 0.25 PEP 10.0 1.48 2.50 36.3

Isozyme II PEP 3.0 ADP 0.1 0.93 1.23 13.6
PEP 3.0 ADP 1.0 0.88 1.20 23.8
ADP 0.25 PEP 0.25 0.94 21 20.7
ADP 0.25 PEP 1.25 0.90 24.0

* The experiments were carried out at variable Mg”* concentration (0.01—5.0 mm) and under standard conditions. The
enzymatic concentration used in each assay was 3 pg/ml for the form I and 4 pug/ml for the form II.
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concentrations (Table I). Hill plots were linear with
maximal slopes that indicate the existence of more
than one binding site for Mg>". Since the kinetic pa-
rameters for pyruvate kinase I and II remain practi-
cally unchanged when ADP and PEP concentrations
were varied, it is reasonable to think that the binding
sites in both isozymes for ADP, PEP and Mg>*
should be independent between themselves. Moreo-
ver, the fact that the Mg>™ concentration necessary
for maximum activites is independent of the ADP
and PEP concentrations allows to interpret that the
PEP, ADP and Mg’" are the true substrates of the
enzymes. These results are in agreement with those
observed in homologous enzymes from different
biological sources [9—16]. On the other hand when
Mg>* concentration was 5 mM optimum activities for
both isozymes were found; according to Macfarlane
and Ainsworth [17] and taking into account the diffe-
rent binding species of PEP, ADP with Mg®* and
hydrogen ions at pH 6.8, that Mg®" concentration
corresponds to a free Mg®® concentration of
1.98 mMm. When the purified pyruvate kinases were
incubated at 70 °C with 2 mM MgCl, and in absence
of the other ligands we have found partial protection
of the enzymes against thermal inactivation (unpub-
lished experiments), which is an indicative fact that
can confirm that Mg®" is able to bind at the enzymes
independently of the presence of the other sub-
strates. )

Pyruvate kinase I $howed sigmoidal kinetics when
PEP was the variable substrate at high ADP concen-
tration and different fixed levels of Mg>* (Fig. 1A).
These data, when replotted in Hill plots, gave lines
with maximal slopes (h) close to 3.0, which support
the existence of more than three PEP-binding sites in
the enzyme with some degree of interation between
them [8]. However, when the pyruvate kinase II is
treated in the same way as the I, the Hill coefficient
decreased from 1.9 in the presence of 0.4 mm Mg**
to 1.0 in the presence of 5 mm Mg>™ (Fig. 1B), indi-
cating that the Mg®™ interacts with the enzyme elicit-
ing marked conformation changes which can con-
duce to abolish the sigmoidal response and increase
the affinity in the binding of PEP to the enzyme.

Pyruvate kinase I showed hyperbolic kinetics when
ADP was the variable substrate at a high PEP con-
centration and four fixed Mg’>® concentrations
(Fig. 2A). The double-reciprocal plots of the satura-
tion data intersected on the ordinate axis, having es-
timated a V,, value of 72.7 nmol pyruvate formed/
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Fig. 1. Effect of the PEP concentration on the reaction
catalyzed by pyruvate kinases in the presence of variable
Mg*>* concentration.

(A) Assay mixtures contained in 1 ml: 30 mm Hepes buffer
pH 6.8, 0.15 mM NADH,, 5 ug crystalline lactate dehy-
drogenase, 10.0 mm ADP, 3 ug of purified pyruvate kinase
I and four fixed Mg?* concentrations, (A) 1.0 mm, (A)
1.5 mm, (O) 2.5 mMm and (@) 5.0 mMm. (B) Assay mixtures
contained in 1 ml: 30 mm Hepes buffer pH 6.8, 0.15 mm
NADH,. 5 ug crystalline lactate dehydrogenase, 1.0 mm
ADP, 4 ug of purified pyruvate kinase II and four fixed
Mg>* concentrations, (A) 0.04 mm, (O) 0.75 mm, (A)
1.5 mm and (@) 5.0 mm. Hill plots of the data saturation
curves for PEP are shown in the insets.

min. The saturation effect with ADP appears to di-
minish the requirements for the bivalent cation, since
the same V,,,, value was obtained irrespective of the
MgCl, concentration. Likewise, pyruvate kinase II
showed hyperbolic saturation curves with respect to
ADP concentration (Fig. 2B). The double-recipro-
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Fig. 2. Effect of ADP concentration on the reaction cata-
lyzed by pyruvate kinases in the presence of variable Mg**
concentration.

(A) Assay mixtures contained in 1 ml: 30 mm Hepes buffer
pH 6.8, 0.15 mm NADH,, 5 ug crystalline lactate dehy-
drogenase, 10 mm PEP, 3 ug of purified pyruvate kinase I
and four fixed Mg>* concentrations, (A) 1.0 mm (A)
1.5 mM, (O) 2.5 mM and (@) 5.0 mM. (B) Assay mixtures
contained in 1 ml: 30 mm Hepes buffer pH 6.8, 0.15 mm
NADH,, 5 ug crystalline lactate dehydrogenase, 3.0 mm
PEP, 4 ug of purified pyruvate kinase II and four fixed
Mg?* concentrations, (A) 0.40 mM, (A) 0.75 mM, (O)
1.5 mM and (@) 5.0 mMm. Lineweaver Burk plots are shown
in the insets.

cal plots of the saturation data for a high PEP con-
centration and four fixed Mg>” concentrations in-
tersected to the left of the ordinate axis, thus indicat-
ing that the addition of Mg?* and ADP to the enzyme
did not follow an obligatory order.

1021

In S. ryphimurium pyruvate kinase activities are
modified by some phosphorylated compounds where
fructose 1,6-bisphosphate (FBP) and AMP were the
best activators found for the form I and II, respec-
tively [4]. The activator processes seem synergistic
between PEP and FBP for pyruvate kinase I and
PEP and AMP for pyruvate kinase II (Fig. 3), since
at high concentrations of PEP no heterotropic activa-
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v-10° (p moles pyruvate formed /min)

0 05 10 15 20 25 30
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Fig. 3. Effects of the FBP and AMP on the kinetic re-
sponses of pyruvate kinases I and II with respect to PEP
concentration.

(A) Assays were carried out in 30 mm Hepes pH 6.8 at
30 °C and 3 ug of purified pyruvate kinase I. FBP was ad-
ded as indicated: (A) without FBP; (A) 0.01 mMm; (@)
0.05 mm; (O) 0.1 mm. (B) Assays were carried out in
30 mm Hepes buffer pH 6.8 and 4 pg of purified pyruvate
kinase II. AMP was added as indicated: (@) without AMP;
(A) 0.1 mm; (O) 1.0 mm. Hill plots are shown in the insets.
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tions were observed and at high concentrations of
effectors no homotropic interaction PEP sites were
found. When the bacteria grow on glycolytic substra-
tes the concentration of FBP is relatively high [18]
and a concentration of free-Mg>™ as low as 1 mm
(Fig. 3A) should be enough to obtain the maximum
activity of the form I. However, when §.
typhimurium grows on gluconeogenic compounds
the level of FBP is much lower than in glycolytic
conditions. If a value of 0.24—0.30 mm for the in-
tracellular PEP concentration during growth on
gluconeogenic compounds can be assumed to be cor-
rect [18, 19] the form I is almost inactive whereas the
form II can catalyse the reaction to almost half the
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