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Summary

Pyruvate oxidase (pyruvate: ferricytochrome b, oxidoreductase,
EC 1.2.2.2) is a peripheral membrane flavoenzyme isolated from Escherichia
coli. The enzyme catalyzes the oxidative decarboxylation of pyruvate to
acetate plus CO,, and is coupled to the E. coli electron transport chain. In
vitro, pyruvate oxidase activity is measured spectrophotometrically using
ferricyanide as an electron acceptor. In the presence of dipalmitoyl phosphati-
dylcholine or a number of other phospholipids or detergents, the enzymatic
specific activity is enhanced about 25-fold. In this paper the interaction be-
tween pyruvate oxidase and dipalmitoyl phosphatidylcholine is examined. It
is demonstrated that the presence of the ligands involved in catalysis has a
substantial influence on the affinity between pyruvate oxidase and dipalmi-
toyl phosphatidylcholine. In the absence of the substrate (pyruvate) and co-
factor (thiamin pyrophosphate) there is no detectable complex formation.
However, when both ligands are present, a condition which results in the re-
duction of the flavoprotein, the interaction between the protein and phospho-
lipid is greatly enhanced. It is clearly shown that the protein-lipid interaction
is dramatically modulated by the ligands bound at the catalytic active site on
the enzyme and/or by the oxidation-reduction state of the flavin.

Pyruvate oxidase (pyruvate: ferricytochrome b, oxidoreductase, EC
1.2.2.2) is a peripheral membrane enzyme isolated from Escherichia coli.

*Present address: Cornell University, Section of Biochemistry and Molecular Biology, Ithaca, 14850,
U.S.A.
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The oxidase has been shown to be a tetramer, composed of four indentical
subunits [1--3] . The enzyme catalyzes the oxidative decarboxylation of
pyruvic acid to acetic acid and CO,. Two cofactors are required for this activ-
ity, thiamin pyrophosphate, which must be added to the purified enzyme, and
FAD which remains bound to the oxidase throughout the purification. 1 mole-
cule of each of these cofactors is bound to each subunit [1,2,4]. In vivo,
pyruvate oxidase is bound to the inner surface of the E. coli cytoplasmic mem-
brane and is coupled to the electron transport chain [5,6]. Enzymatic activity
is measured in vitro using a ferricyanide reductase assay.

Like many membrane enzymes [7,8] , pyruvate oxidase requires the addi-
tion of lipids to the in vitro assay in order to attain maximal specific activity.
Pyruvate oxidase activity is stimulated about 25-fold by a wide variety of am-
phipathic activators,including detergents and phospholipids [9—11]. A pre-
vious study with detergent activators demonstrated the existence of hydro-
phobic lipid binding sites on the protein [12]. In addition, it was shown that
the affinity between the enzyme and the charged detergents was enhanced
when both the substrate (pyruvate) and cofactor (thiamin pyrophosphate)
were present. This paper demonstrates that these catalytic ligands also have a
dramatic effect in enhancing the interaction between pyruvate oxidase and
dipalmitoyl phosphatidylcholine vesicles. Clearly, there is a reciprocal cou-
pling between the catalytic active site and the lipid binding site on pyruvate
oxidase.

Pyruvate oxidase. Details of the enzyme purification and characteriza-
tion have been described elsewhere [1]. Enzymatic activity was measured
using a ferricyanide reductase assay [13]. Activation of the enzyme by dipal-
mitoyl phosphatidylcholine was performed as recently reported [11].

Reagents. Sodium pyruvate, thiamin pyrophosphate and synthetic dipal-
mitoyl phosphatidylcholine were obtained from Sigma. Ultrapure sucrose
(density gradient grade) and SDS were purchased from Schwartz/Mann.
Fluorescamine was obtained from Pierce. (1-1*C)-labeled dipalmitoyl phospha-
tidylcholine was obtained from Applied Science Laboratory. All other chemi-
cals were reagent grade and deionized, glass-distilled water was used for all
solutions.

Density gradient centrifugation. Details of the sucrose density gradient
centrifugation experiments have been given elsewhere [14]. Two modifica-
tions were made in the procedures. Instead of a linear gradient, a step gradient
was prepared by layering 2 ml 40% sucrose, 2 ml 25% sucrose and 1 ml 5%
sucrose. The stock solutions contained specified levels of different ligands as
described in the text. Samples were applied after the gradient was prepared
and the centrifugation started immediately. Protein was determined using a
fluorescamine assay [{14]. SDS (200 mM) was included in the borate buffer to
eliminate any masking effects of phospholipid on protein quantitation.

The activation of pyruvate oxidase activity by dipalmitoyl phosphatidyl-
choline is shown in Fig. 1. This phospholipid will activate the enzyme to
approximately the same extent as will numerous other phospholipids [11],
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Fig. 1. Activation of pyruvate oxidase at 24°C by dipalmitoyl phosphatidylcholine (DPPC). The ferri-
cyanide reductase assay was performed as previously reported [13].

Fig. 2. Ferricyanide reductase assays of pyruvate oxidase after pre-incubation of the enzyme with the
lipid activator, dipalmitoyl phosphatidylcholine, in the presence and absence of the catalytic ligands, The
reduction of ferricyanide is monitored by the loss of absorbance at 450 nm, Curve (a): The enzyme

(13 ug) and lipid (150 ug) are allowed to pre-incubate for 5 min in 0.8 ml 0.1 M phosphate buffer pH 5.7
containing 10 mM MgCl, . The reaction is initiated by the addition of pyruvate, thiamin pyrophosphate
(TPP), and ferricyanide at time zero. Curve (b): Same as curve (a) except that the pyruvate and thiamin
pyrophosphate are present with the enzyme during the 5-min pre-<incubation period, and the reaction is
initiated by the addition of ferricyanide, In all cases, the final concentrations are as follows in a total
volume of 1.0 ml: 200 mM pyruvate, 100 uM thiamin pyrophosphate, 8.5 mM sodium ferricyanide. All
experiments were performed at room temperature,

corresponding to a 25-fold increase in the V using the ferricyanide reductase
assay. The half-maximally activating concentration of dipalmitoyl phosphati-
dylcholine is about 40 uM, and, while other phospholipids activate at lower
concentrations, the dipalmitoyl phosphatidylcholine activation is typical of
phospholipid vesicle activation of pyruvate oxidase. Since these measurements
were made at 24°C, it is clear that pyruvate oxidase will interact with dipal-
mitoyl phosphatidylcholine at temperatures well below the gelliquid crystal-
line phase transition temperature (41°C). It has previously been reported that
the ‘fluidity’ of the phospholipid bilayer is not a critical parameter in the
ability of phospholipids to activate pyruvate oxidase [11].

In Fig. 2, the requirements for maximal stimulation of pyruvate oxidase
by dipalmitoyl phosphatidylcholine in the ferricyanide reductase assay are
emphasized. Previous work has shown that in order to obtain full activation, the
enzyme must be allowed to pre-incubate with the phospholipid for a period of
several minutes prior to the initiation of the reaction. Fig. 2 compares the re-
sults when the pre-incubation is performed in the presence and absence of the
catalytic ligands. When saturating levels of both pyruvate and thiamin pyro-
phosphate are present during the pre-incubation, and the reaction is initiated
by the addition of ferricyanide, the resulting reaction proceeds rapidly and is
linear in time. However, if the protein and lipid are incubated in the absence of
the two catalytic ligands, and the reaction is initiated by the simultaneous
addition of pyruvate, thiamin pyrophosphate, and ferricyanide, the results
are quite different. The reaction begins slowly and accelerates to its maximum
rate over a period of about 2 min. The increase in the rate of reaction pre-
sumably reflects the formation of the highly active protein-lipid complex
which does not form unless the ligands involved in catalysis are present,
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Fig. 3. Sucrose step-gradient centrifugation of pyruvate oxidase in the presence and absence of the
catalytic ligands. The samples contained 0,3 mg of dipalmitoyl phosphatidylcholine (DPPC) and 0.3 mg
of pyruvate oxidase in 0.3 ml. The step gradient is described in the text. Panel A: no catalytic ligands
present. Panel B: 100 M thiamin pyrophosphate, 100 mM sodium pyruvate and 10 mM MgCl,. Panel C:
100 M thiamin pyrophosphate and 10 mM MgCl,. Panel D: 100 mM sodium pyruvate, All solutions
contain 0.1 M sodium phosphate buffer, pH 5.7, in addition to the ligands. Samples were centrifuged at
40 000 rev./min (192 000 X g) for 24 h at 4°C as described previously {14].

The intimate relationship between the presence of the catalytic ligands
and phospholipid binding is evident in Fig. 3. Sucrose density gradient cen-
trifugation experiments clearly demonstrate significant dipalmitoyl phospha-
tidylcholine interaction with pyruvate oxidase only when pyruvate and thiamin
pyrophosphate are both present. Panel A shows that in the absence of these
ligands no observable interaction occurs between the enzyme and dipalmitoyl
phosphatidylcholine vesicles. The lipid and protein elute at the same position
as when either are sedimented above. However, when both ligands are present
in saturating concentrations, a complex that contains both active pyruvate
oxidase and dipalmitoyl phosphatidylcholine is formed, as seen in panel B.
The presence of either thiamin pyrophosphate or pyruvate alone is insufficient
to induce this complex formation (panels C and D).

Sodium 3-fluoropyruvate, a competitive inhibitor of pyruvate oxidase
(K, 3mM), will not substitute for pyruvate in enhancing protein-lipid complex
formation. In the presence of 100 mM fluoropyruvate and 10 uM thiamin
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pyrophosphate, the sedimentation profile (not shown) is identical to that
shown in panel A (Fig. 3), indicating no protein-lipid complex formation.

The interactions between pyruvate oxidase, dimyristoyl phosphatidyl-
choline and egg phosphatidylcholine were also examined using sucrose den-
sity gradient centrifugation. The results (not shown) were qualitatively similar
to those shown for dipalmitoyl phosphatidylcholine. The simultaneous pre-
sence of pyruvate and thiamin pyrophosphate resulted in an enhanced protein-
lipid interaction. Similar results were obtained using egg phosphatidylcholine,
and separating the protein-lipid complex using gel filtration chromatography.

Pyruvate oxidase is stimulated by charged detergents below their critical
micelle concentrations, as well as by phospholipid vesicles. Specific ligand
effects on SDS and cetyltrimethyl ammonium bromide binding to pyruvate
oxidase has been previously reported [12].

This paper reports data that indicate a similar specific ligand effect on the
interaction of pyruvate oxidase and dipalmitoy! phosphatidylcholine vesicles.
When the substrate, pyruvate, and the cofactor, thiamin pyrophosphate, are
present the phospholipid-enzyme interaction is greatly enhanced. If either
ligand is absent, no interaction can be detected.

Dipalmitoyl phosphatidylcholine was selected for this study because its
activation profile (Fig. 1) indicated relatively weak interaction with pyruvate
oxidase under steady state assay conditions [11]. Hence, the effect of the ligands
on the proteindipid interaction is seen dramatically as an all-or-none phenome-
non (e.g., compare panels A and B, Fig. 3). Phospholipids which apparently inter-
act with the enzyme more strongly, such as phosphatidylglycerol [11], do not
show such dramatic differences in complex formation with pyruvate oxidase
when examined using the sedimentation procedure in the presence and absence
of pyruvate and thiamin pyrophosphate. However, it is presumed that in these
cases the catalytic ligands are also modulating the nature of the protein-lipid
interaction. Experiments to quantitate these effects have not yet succeeded.
At concentrations of protein and lipid such as those used in the sedimentation
experiments (Fig. 3), the proteinlipid complex is actually a co-aggregate.

Clearly, events at the catalytic active site on the protein affect the lipid
binding properties of pyruvate oxidase. In the absence of pyruvate and thiamin
pyrophosphate, the enzyme does not manifest the solution properties usually
associated with membrane proteins. Such properties become manifest when the
enzyme is in the presence of saturating concentrations of the substrate plus co-
factor. The protein self-aggregates, becomes surface labile, and shows enhanced
interaction with activating amphiphiles such as detergents [14] and, as shown
in this work, phospholipid vesicles. In the presence of these ligands, the flavin
moiety on pyruvate oxidase becomes reduced and the nature of the bound li-
gands is uncertain, The fact the 3-fluoropyruvate will not substitute for
pyruvate in causing the enhanced interaction with dipalmitoyl phosphatidyl-
choline indicates that the reduction of the flavin is a critical requirement for
causing the protein conformational change which is responsible for the altered
solution properties of pyruvate oxidase. This protein conformational change
has recently been investigated by using mild proteolysis [13,14].

Presumably, once the protein-lipid complex has been formed, the turnover
of the enzyme occurs sufficiently fast so that the complex does not dissociate.
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The apparent higher affinity of the reduced form of pyruvate oxidase for mem-
branes is intriguing in view of possible regulatory mechanisms. It is conceivable
that the enzyme will bind to the E. coli membrane only when the substrate
level is sufficient to reduce the flavin. Once bound, pyruvate oxidase would
function normally, coupled to the electron transport chain. It should be stressed
that there is no evidence that such a mechanism is actually operating in the

E. coli cell.

What is clear from these studies is that the lipid binding properties of this
protein are modulated by events at the catalytic site. The same kinds of
allosteric properties and subtleties observed in studies of protein subunit inter-
actions, protein-nucleic acid interactions and protein-small molecule interac-
tions are clearly manifested in the protein-lipid interactions of pyruvate
oxidase. The physiological relevance in this case will have to await further ex-
perimentation, but these results call attention to a new dimension of the pro-
tein-lipid interaction which may turn out to be of general importance.
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