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Interaction of bovine heart pyruvate kinase with phospholipids
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Abstract

The interaction between bovine heart pyruvate kinase and liposomes was investigated for various phospholipids as function of pH, and
salt concentration using steady-state kinetics and ultracentrifugation. Liposomes made from erythrocyte total lipid fraction and individual
phospholipids were used. Pyruvate kinase specific activity increases upon the interaction with the phospholipids. The activation is
specifically sensitive to presence of phosphatidylserine in liposomes. L-serine, and phospho-L-serine which are main components of
phosphatidylserine head group show also some activation effect. Efficient adsorption of pyruvate kinase to phosphatidylserine liposomes
occurs in the pH range 6.0-8.0 and at low ionic strength. Interaction with phosphatidylserine liposomes results in the change of V,, and
K., values for phosphoenolpyruvate without marked effect on K value for ADP, and Hill coefficients for both substrates. The

n
interaction does not seem to influence the cooperativity between binding sites.

Keywords: Pyruvate kinase; Phosphatidylserine; Liposome; (Bovine heart)

1. Introduction

Pyruvate kinase (ATP:phosphotransferase, EC 2.7.1.40)
is one of the key regulatory enzymes of the glycolytic
pathway directly involved in ATP formation in cytosolic
and nuclear compartments [1-8].

A number of reports have proved that pyruvate kinase
should be considered as one of the glycolytic enzymes
having the ability of reversible association with subcellular
membrane structures (see reviews [9—11]). The association
is probably very important for the regulation of glycolysis,
as the enzymes adsorbed on a membrane reveal modified
kinetic properties. Since the complex composition and
heterogeneity of membrane preparations hinder the eluci-
dation of mechanisms of the regulation the study of lipid—
protein interactions in model membrane systems is an
alternative approach. Monolayers, bilayers, and liposomes
are commonly used in this type of investigation [12].
Phospholipid lamellar systems reveal many physical prop-
erties in common with biological membranes. These mem-
brane models are pretty well defined systems what allows
for controlling the operational parameters and for more
detailed analysis compared to biological membranes [13].
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Even if we assume that there are specific protein binding
sites on membranes for the glycolytic enzymes, as shown,
e.g., for glyceraldehyde-3-phosphate dehydrogenase in
erythrocytes [14,15), the mosaic structure of cellular mem-
branes provides adsorptive domains due to multielectro-
static and other non-specific interactions. Surface of phos-
pholipid liposomes is an adequate model of such domains.
In several recent studies some glycolytic enzymes like
aldolase, glyceraldehyde-3-phosphate dehydrogenase, lac-
tate dehydrogenase and phosphoglycerate kinase have been
found to be able to associate in vitro with phospholipid
bilayers [16-21]. The enzymes have been shown to change
some of their molecular properties upon the association
like activity, conformation, thermostability, accessibility
for proteinase attack etc. [22-24].

In this work we found out that the liposomes made of
lipid fraction of erythrocyte membranes activated the
bovine heart pyruvate kinase. In the light of the above-cited
literature data, dealing with the interaction of other gly-
colytic enzymes with cell membranes and phospholipid
model membranes this finding was unexpected. Most of
the previously studied glycolytic enzymes have been shown
to reveal an inactivation upon the interaction with mem-
branes or phospholipids. Results of our investigations of
the interaction between pyruvate kinase and lipid compo-
nents of membranes and attempts to find out which com-
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ponent of the lipid fraction is responsible for the activation
are presented in this paper.

2. Materials and methods
2.1. Chemicals

Phosphoenolpyruvate, ADP (potassium salts), and
NADH (inhibitor free) were purchased from Boehringer,
Tris and all used natural and synthetic phospholipids, from
Sigma; L-serine, from Calbiochem. All other chemicals
were obtained from Polskie Odczynniki Chemiczne (Po-
land) and were of analytical grade. For all solutions and
preparations deionized water was used routinely.

2.2. Bovine heart pyruvate kinase

The pure enzyme in ammonium sulfate solution was
purchased from Polskie Odczynniki Chemiczne (Poland).
These preparations have a specific activity of more than
200 U/mg in 50 mM Tris-HCI buffer, pH 7.5 and gave
one band upon polyacrylamide gel electrophoresis.

Before use, appropriate amount of the pyruvate kinase
suspension in ammonium sulfate solution was centrifuged
down and the pellet was dissolved in 20 mM Tris-HCI, 10
mM MgCl,, pH 7.5 or just in 50 mM Tris-HCI, pH 7.5 in
the binding experiments. Then the solutions were dialyzed
for 20 h against the same buffer at temperature of 4° C and
centrifuged again to remove denatured protein.

2.3. Enzyme assay

The amount of pyruvate kinase was determined accord-
ing to the method of Biicher and Pfleiderer [25]. For the
measurements of the activity and kinetic parameters the
assay mixture contained 50 mM Tris-HCI buffer, pH 7.5,
100 mM KCl, 10 mM MgCl,, 0.15 mM NADH, 0.03 U of
pyruvate kinase and 5 U of lactate dehydrogenase. Value
of pH in each sample was checked before and after the
assay. It was preincubated for 20 min at 25°C in a
thermostated bath before starting the reaction by addition
of either PEP or ADP to final concentration at 0.8 mM
PEP or 1.5 mM ADP. All values in the Tables 1 and 2 as
well as the points in Figs. 1 to 3 represent mean values
from the determination in at least three separate samples.
The determinations with variations less than 15% were
taken into consideration.

2.4. Determination of protein concentration

Protein concentration was measured by the method of
Lowry et al. [26] or alternatively by biuret method [27].
The biuret method gave better reproducibility for the sam-
ples in the presence of phospholipids. For estimation of the
enzyme concentration in samples without modifiers a value

of EYu¢ =0.55 was used as has been established for
pyruvate kinases from various sources {28,29].

2.5. Preparation of erythrocyte lipids

Lipids were extracted from freshly harvested bovine
erythrocyte with n-butanol according to the method de-
scribed by Zahler et al. [30]. The extract of the lipids was
evaporated to dryness under a nitrogen stream and thin-
layer chromatography (TLC) of the lipids was performed
on the plates coated with Silica Gel H. Chromatograms
were developed with chloroform-methanol-water (65:25:4,
v/Vv). Since the separation of PI from PS in this solvent
system was not good enough two-dimensional TLC was
used. Chromatograms were developed on Silica Gel H
plates with two systems of solvents: (1) chloroform-
methanol-ammonium hydroxide (70:35:8, v/v) and then
(2) chloroform-methanol-formic acid (53:10:6, v /v). Posi-
tions of phospholipid spots were visualised under UV light
by spraying the plates with dichlorofluoresceine. Standards
were used for the identification of phospholipids on the
plates. Each phospholipid spots was scraped into a vial and
its extraction from silica gel was performed with Blight
and Dyer’s extraction solvent [31] after addition of 2-3
drops of NH,OH for better separation of dichlorofluores-
cein. Vigorous vortexing was necessary for good extrac-
tion. Homogeneity of each separated fraction was checked
by analytical TLC with the same solvent systems as de-
scribed above and additionally with the system of hexane-
diethyl ether-glacial acetic acid (85:15:1, v/v). Routinely,
appropriate phospholipid standards were parallel run on
the same plates. Spraying the plates with sulfuric acid and
heating were applied for staining of the chromatograms.
The obtained preparations of lipids were not contaminated
by proteins as determined by the biuret method.

2.6. Determination of lipid concentration

The concentration of lipids was calculated from the
weight of dried matter or indirectly by phosphorus deter-
mination according to Bartlett [32].

2.7. Formation of liposomes

Erythrocyte lipid fraction or phospholipids were sus-
pended in cold 50 mM Tris-HC1 buffer, pH 7.5. The
mixture was flushed with nitrogen, then shaken mechani-
cally for 10 min to generate liposomes. Liposomes ob-
tained by this method were completely separated from the
solution by centrifugation at 100000 X g for 30 min as
checked by phosphorus determination in the supernatants.
Liposomes used in the activation experiments were sub-
jected to ultrasonic irradiation for 10 min to reduce lipo-
some size heterogeneity. State of aggregation and size of
liposomes strongly depend on conditions of their forma-
tion. In order to get similar populations of liposomes in
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Fig. 1. Effect of liposomes prepared from bovine erythrocyte membrane lipids on the activity of bovine heart pyruvate kinase. Activity is expressed as
percent of that in a control sample without liposomes. Experimental conditions are described in Materials and methods.

each experiment the same experimental conditions of the
formation were kept. It was important to us that liposomes
provided well-defined surface of phospholipid bilayer for
interaction with the enzyme. Hence, the liposome prepara-
tions were not characterised in terms of their size or
aggregation state. Such properties are believed not to be
effective qualitatively in this type of studies.

2.8. Binding experiments

Ultracentrifugation of preincubated mixtures of lipo-
somes and pyruvate kinase were used for the binding
studies. Phospholipid dispersion and the enzyme solution
were mixed in 10 ml polycarbonate centrifuge tubes and
total volume of samples was adjusted to the same value by
50 mM Tris-HCI buffer, pH 7.5. The mixtures were gently
swirled for 30 s, incubated at 4°C for 30 min, then
centrifuged at 100000 X g for 30 min. Decreasing the
temperature to 4° C markedly improved the reproducibility
of the data. After centrifugation, the supernatants were
carefully removed without disrupting the tightly packed
pellets, and transferred to separate tubes. In the control
samples, with the enzyme alone, no decrease in protein
concentration was observed after centrifugation. All lipo-

Table 1

some solutions were freshly prepared for each binding
experiment. Protein contents in the pellets were calculated
from the difference between the initial concentration (total
protein concentration before centrifugation) and that in the
supernatant (after centrifugation). In the plots (Figs. 4 and
5) each point represents the mean value of at least three
independent determinations.

3. Results

3.1. Effect of phospholipids on pyruvate kinase activity
and kinetics

Addition of the liposomes made of erythrocyte lipid
fraction to the solution of pyruvate kinase results in in-
creasing of the enzyme specific activity (Fig. 1). The
activity increased with increase of the concentration of
liposomes reaching the saturation around 1 mM of lipid.
The saturating lipid /protein ratio appears to be relatively
high but its exact value has rather no quantitative meaning
since only limited number of lipid molecules in liposomes
are accessible for the interaction and formation of a com-
plex. From the above-cited previous studies on the interac-

Kinetic parameters of pyruvate kinase from bovine heart in the absence and in the presence of activators

Enzyme alone

Enzyme + activators

phosphatidylserine phospho-L-serine L-serine

(0.007 mM) (10 mM) (3 mM)
PEP K, (mM) 0.045 0.08 0.07 0.07
fy 1.00 1.06 0.97 0.99
V,ax (relative) 1.00 1.62 1.20 1.37
ADP K., (mM) 0.30 0.30 0.30 0.30
Ay 0.95 0.97 0.99 0.93
Voax (relative) 1.00 1.60 1.38 1.30

max
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tion between some glycolytic enzymes and liposomes it
was reasonable to suspect that phospholipids were those
effective components of the erythrocyte lipid extract. Thus,
the erythrocyte lipid extracts used in the above experi-
ments were analysed and fractions were separated by
thin-layer chromatography. The main phospholipid compo-
nents of the erythrocyte lipid extract were found to be:
phosphatidylethanolamines, phosphatidyicholines, phos-
phatidylinositols and phosphatidylserines. Effect of each of
these fractions at the concentrations up to 0.5 mM on the
heart pyruvate kinase activity was investigated. No influ-
ence was detected for phosphatidylcholines, phos-
phatidylethanolamines and phosphatidylinositols. No
changes in pyruvate kinase activity were also observed in
the presence of phosphatidic acid and phosphatidyl-
inositol /phosphatidic acid mixture (molar ratio of 5:2)
while phosphatidylserines showed an activating effect.
Similar effect was observed when we used commercial
preparations of purified bovine brain phosphatidylserine
and synthetic dipalmitoyl-DL-phosphatidylserine. Lipo-
somes made of other type of phospholipids: phosphatidyl-
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Fig. 2. Effect of phosphatidylserines (A), serine (B) and phosphoserine
(C) on the activity of pyruvate kinase. Activity is expressed as percent of
that in a control sample without a modifier. Experimental conditions are
described in Materials and methods. Sample volume was 1.5 ml. Protein
concentration was 1 ug/ml.
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Fig. 3. (A) Activation of pyruvate kinase by MgCl, without any modifier
(open circles) and in the presence of phosphatidylserine liposomes (dark
circles). The concentration of phospholipid was 0.004 mM. Assay condi-
tions were described in Materials and methods. (B) Relative activation of
pyruvate kinase by MgCl, in the presence phosphatidylserine liposomes.
The curve was calculated using the data from Fig. 3A. Each point
represents the activity of the enzyme in the presence of liposomes as
percent of that in sample of the enzyme alone.

cholines, phosphatidylcholine + phosphatidylinositol mix-
ture (9:1, w/w) or phosphatidylcholine + phosphatidyl-
ethanolamine mixture (9:1, w/w) did not affect the activ-
ity in the pH range of 6-9 (not shown). Effect of the
commercial preparation of bovine brain phosphatidylser-
ines on bovine heart pyruvate kinase activity compared
with that of L-serine and of phosphoserine was shown in
Fig. 2. The concentrations of phosphatidylserines, serine
and phosphoserine corresponding to half of the maximal
activity (K, ,,) were 0.4 uM, 0.5 mM and 2.2 mM,
respectively, in this experiment, however, the value for the
phosphatidylserine liposomes can be only qualitatively
compared with the values for L-serine because of supra-
molecular structure of liposomes as discussed above. Nev-
ertheless, it is clear that the interaction with phos-
phatidylserines is much more effective than with L-serine.
For phosphoserine we could see similar effect which is
saturated in an order higher concentration than that for
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Fig. 4. Centrifugation of the bovine heart pyruvate kinase with liposomes
made of phosphatidylcholine (1) and phosphatidylcholine + phosphatidyl-
serine mixture (weight ratio 9:1) (2). Each 3.2 ml sample contained 0.35
mg/ml of pyruvate kinase and indicated concentration of phospholipid in
50 mM Tris-HCI buffer, pH 7.5.

L-serine. Addition of phosphatidylcholine or phosphatidyl-
ethanolamine liposomes into the solution of serine or
phosphoserine did not change the effect of L-serine or
phosphoserine (not shown). It is clear from these results
that the charge of the effector is not a crucial factor for the
interaction. Some kinetic parameters for pyruvate kinase

Protein in pellet/total protein

1 1

Table 2

Influence of magnesium ions on K, value of the enzyme for PEP in the
presence and in the absence of phosphatidylserine liposomes at various
pH

pH MgCl, (mM) K., for PEP (mM)
enzyme enzyme +0.007
alone mM PS
6.0 1.0 0.192 0.055
10.0 0.159 0.122
7.0 1.0 0.051 0.051
10.0 0.052 0.055
8.0 1.0 0.058 0.083
10.0 0.058 0.077

reaction measured in the presence and in the absence of
the studied modifiers are given in Table 1. Without a
modifier, K, values for PEP and ADP were 0.045 mM
and 0.3 mM respectively and Hill’s coefficient (ny) for
the both substrates was close to 1.0, Hyperbolic saturation
curves for the both substrates suggest a simple Michaelis-
Menten kinetics in the used experimental conditions (Tris-
HCI buffer, pH 7.5). In the presence of the modifiers the
maximal velocity of the enzyme at saturating concentration
of PEP or ADP and K, for PEP are increased. Pyruvate
kinase shows no cooperativity of binding sites for PEP or
ADP and this is not changed by the interaction. Since
pyruvate kinases are known to require monovalent and
divalent ions for their catalytic activity [5] an investigation
of the effect of the liposomes on the activation of the
enzyme by potassium and magnesium ions seemed to be of
interest. Effect of the increasing concentration of MgCl,
on the enzyme activity in the presence of bovine brain

o

1 1 L

0.1 0.2

0.3 0.4 05
MgCl, (M)

Fig. 5. Effect of MgCl, on the binding of bovine heart pyruvate kinase to phosphatidylcholine /phosphatidylserine (weight ratio 9:1) liposomes in 50 mM
Tris-HCI buffer, pH 7.5. Protein and lipid concentration were 0.35 mg/ml and 2.0 mg/ml, respectively. Sample volume was 3.2 ml.
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phosphatidylserine liposomes compared to the enzyme
alone as a control can be seen in Fig. 3A. The relative
activation curve Fig. 3B) is complex likely due to the
interaction of magnesium ions with both the enzyme and
phospholipids. Increasing concentration of KCl results in
increase of the enzyme activity in the presence of phospha-
tidylserine liposomes monotonically up to the value of 0.2
M; at higher concentrations of the salt the activity started
to decrease (not shown). Michaelis constant (K ) for PEP
was determined at MgCl, concentrations of 1 mM and 10
mM at pH 6, 7, and 8 in the presence and in the absence of
7 uM of phosphatidylserine (PS). In the absence of PS
liposomes no marked changes of K, (PEP) were found at
pH 7, and 8, but at pH 6 K value increased 3—4-fold to
that in standard conditions (Table 2). In the presence of
phosphatidylserine at pH 7 and 8§ the results were quite
similar. Whilst at pH 6 K, (PEP) increased 2.5-fold at
MgCl, concentration of 10 mM but no change in K,
(PEP) was found in 1 mM MgCl, (Table 2). It suggests a
strong influence of the interaction with the phospholipid
on the conformation of PEP binding site. Phosphatidyl-
serine is probably able to protect the site from the effect of
lower pH when magnesium concentration is relatively low.
We did not observe such an effect at higher pH.

3.2. Binding studies

Results of our binding studies are shown in Fig. 4.
Centrifugation of the phospholipid liposomes in the pres-
ence of soluble pyruvate kinase resulted in lowering of the
concentration of the pyruvate kinase in the supernatant.
For liposomes made of phosphatidylcholine alone the de-
crease was less 7%, whilst incorporation of 10% phospha-
tidylserine into the phosphatidylcholine liposomes resulted
in pelleting up 52% of protein upon the centrifugation.
There was only slight effect for liposomes made of phos-
phatidylcholine-phosphatidylinositol mixture (9:1, w/w)
and phosphatidylcholine-phosphatidylethanolamine mix-
ture (9:1, w/w) — not shown. In control samples, without
liposomes no detectable precipitation of the enzyme was
observed in the used conditions.

Increasing concentration of MgCl, decreased the pro-
portion of the enzyme adsorbed to liposomes (Fig. 5).

Table 3
Dependence of bovine heart pyruvate kinase adsorption to phosphatidyl-
choline /phosphatidylserine (9:1, w/w) liposomes on pH values

pH % protein in
supernatant

6.0 85

6.5 76

7.0 63

7.5 49

8.0 40

Protein and lipid concentration were 0.35 mg/ml and 2.0 mg/mi,
respectively, sample volume 3.2 ml.

Similarly, increasing concentration of KC! or NaCl disso-
ciated the binding (not shown). At the concentrations of
the salts higher than 0.5 M no binding was detected. The
binding appeared to be also sensitive for change of charge
on the phospholipid and the enzyme molecules upon
changing pH. Effect of pH on the binding was shown in
Table 3. The binding increases monotonically with increas-
ing pH value between 6 and 8 though the expected changes
in net electric charge upon the raising of pH are not
supposed to promote of this increase since positive charge
is titrated on both phospholipid and enzyme molecules. It
can only be explain if one assume a conformational adap-
tation of binding site(s) upon the increase of pH.

4. Discussion

First conclusion arising from the results is that bovine
heart pyruvate kinase can be bound to and activated by
liposomes made of overall membrane lipid fraction and
thus also in membranes in vivo by lipid domains. How-
ever, the binding and the activation show some specificity
and occur only when phosphatidylserines are present in a
bilayer. There are two possible types of the interaction: (1)
adsorption of the enzyme molecules on surface of lipo-
some bilayers and /or (2) formation of molecular lipid-en-
zyme complex. Bovine heart preparation of pyruvate ki-
nase contains only M, type isozyme with p/ value being
8.9 [33]. Hence, at least initiation role of the electrostatic
interaction between negative charge of phosphatidylserines
and positive net charge of the enzyme at the studied pH
range should be expected. It is clear from the binding
studies that the first type of the interaction occurs here.
Nevertheless, a contribution of the latter type of the inter-
action can not be excluded. Components of phosphatidyl-
serine head polar group: L-serine and phospho-L-serine
used separately also activate the enzyme, however, the
activation is much smaller (Fig. 2, Table 1). This indicates
that there is a highly specific phosphatidylserine binding
site(s) on the enzyme molecule. It seems, however, that the
adsorption of the enzyme on liposome surface and the
binding of phosphatidylserine molecules to binding site(s)
promote each other. Since addition of L-serine, phospho-
serine or phosphatidylserines results in similar modifica-
tion of the affinity of PEP for the enzyme they probably
involve the same binding site(s). Besides that the phospho-
serine moiety of phosphatidylserine molecule likely takes
part in the occupation of the binding site on the protein
there must be other factors, provided by entire phospho-
lipid molecule, that increase the strength of the binding
and simultaneously causing the activation. Simple model
of the enzyme molecule adsorbed on liposome surface by
non-specific multielectrostatic attractions is not valid here
since liposomes made of other acidic phospholipids (phos-
phatidic acid, phosphatidylinositol) neither bind the en-
zyme nor alter its activity. State of ionization and/or
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hydration of the phospholipid must play a role in the
interaction as well since high salt concentration diminishes
the interaction but it does not seem to be the only neces-
sary factor. Effect of magnesium ions at lower concentra-
tions on the activation is complex likely because of super-
position of their interaction with phospholipid and with the
enzyme (Fig. 3B). Increase of the concentration of divalent
ions diminishes electric negative charge of the phospho-
lipid ionic groups very effectively and, on the other hand,
the divalent ions bound to the enzyme are strictly neces-
sary for its activity. Likely, the binding of the ions to the
enzyme molecules promotes the phospholipid binding site
since the effect of phospholipid on the activation increases
in the presence of magnesium but at higher concentrations
of magnesium ions the effect on the phospholipid charge
(and on binding at the same time) dominate.

Considering both kinetic and binding studies it can be
postulated that the phosphatidylserine binds to specific
binding site(s) on the enzyme molecule and conformation-
ally modifies the catalytic site. Effect of pH on the binding
and kinetic parameters is more unstable if a conforma-
tional change extending on catalytic region is assumed
upon this interaction. The postulate of conformational
changes upon the interaction is supported by the ‘strange’
effect of magnesium ions on the K, at pH 6 (Table 2) if
we assume that the effect can be a result of complex
superposition of conformational changes due to change in
pH, divalent ion concentration and binding of phospho-
lipid.
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