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Summary

The pyruvate dehydrogenase multienzyme complex of Pseudomonas aerugi-
nosa was subjected to a steady-state kinetic analysis using the exponential
model for a regulatory enzyme and a sensitive statistical fitting procedure. This
showed that all the substrates, pyruvate, CoA and NAD", exhibit cooperative
kinetics towards the native multienzyme complex.

Introduction

The pyruvate dehydrogenase multienzyme complexe catalyses the oxidative
decarboxylation of pyruvate thus:

pyruvate + NAD" + CoASH - acetyl-CoA + CO, + NADH + H*

and has elaborate quaternary structures containing multiple copies of three
enzymic components. pyruvate dehydrogenase (E1l) (pyruvate : hipoamide
oxidoreductase (decarboxylating and acceptor-acetylating, EC 1.2.4.1), lipoyl
transacetylase (E2) (acetyl-CoA dihydrolipoamide S-acetyltransferase, EC
2.3.1.12) and hpoamide dehydrogenase (E3) (NADH : lipoamide oxidoreduc-
tase, EC 1.6.4.3) [1,2]. The rationale for such structures 1s probably a physiol-
ogical one since the pyruvate dehydrogenase complex lies at the crossroads
between maiwnstream carbohydrate matabolism (glycolysis and gluconeogenesis)
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and energy generation (the tricarboxylic acid cycle). The regulatory properties
of these enzymes are therefore important but in procaryotic organisms (Esche-
richia coli 1n particular) only the cooperative behaviour of pyruvate has been
examined 1n detail [3—6].

In the present paper we describe an analysis of the steady-state kinetics of
the pyruvate dehydrogenase multienzyme complex of Pseudomonas aeruginosa
[7,8]. In addition to the cooperative behaviour of pyruvate, we also demon-
strate for the first time, using a sensitive statistical fitting procedure {9], that
both CoA and NAD® can exhibit cooperative kinetics towards the native multi-
enzyme complex.

Matenals and Methods

Enzymes and reagents P aeruginosa strain PAO1 was kindly provided by
Professor B.W. Holloway. The pyruvate dehydrogenase multienzyme complex
of glucose-grown P aeruginosa was 1solated in pure form by ethanol-Sepharose
2B chromatography, followed by sucrose-gradient centrifugation [7,8]. It con-
tained no contaminating activities. Citrate (si)-synthase (EC 4.1.3.7) was ob-
tamned from Boehninger and all other reagents were of the A.R. grade.

Determination of enzyme actinity. The pyruvate dehydrogenase complex
was assayed with (umol mn a final volume of 1 ml): Tris-HC1 (100, pH 7.8),
pyruvate (5), MgCl, (2), dithiothreitol (2.5), thiamine pyrophosphate (0.4),
CoA (0.13) and NAD" (0.6). The reaction was started with the varied substrate
and the production of NADH followed by the increase in absorbance at 340
nm. Enzyme activity 1s expressed as umol NADH produced/min. All assays
were performed at 25°C using a double-beam recording spectrophotometer
(Unicam SP1800). When CoA was the varied substrate the assay was modified
by the inclusion of a CoA-regenerating system- citrate (st)-synthase (2.5 units)
plus oxaloacetate (0.2 umol). Protein was determined by the method of Lowry
et al. [10] with bovine serum albumin as the reference protein.

Analysis of the steady-state kinetics Kinetic results were analyzed using the
exponential model for a regulatory enzyme [9] This model allows rate data,
containing not more than a single inflexion, to be expressed in terms of three
parameters only: the maximal velocity (V) obtained at saturating concentra-
tions of the varied substrate (A); the association constant (« ,) of the unbound
enzyme for ligand A; and the cooperativity (k,). Thus, the rate function may
be expressed as:

v = Va A ap - exp(kav/V,) 1
1+A QA 'exp(kAU/VA) ( )
where v 1s the mitial velocity of reaction. The cooperativity (k,) may be mea-
sured much more accurately than the Hill coefficient (h) but bears a simple
relation to 1t
4
4—k, (2)

and Eqn.1 shows that when k, =0, the reaction follows Michaelis-Menten
kinetics.

h=
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The parameters V,, a5 and k,, were obtained by fitting the raw data (4, v)
to Eqn.1 by Gauss-Newton non-linear regression [11]. In the data presented
below the term ‘saturating’ always refers to an extrapolated value obtained by
computer calculation Thus, the saturation value of a4 1s a5 - exp (k,) obtained
when v = V,, see Eqn. 1.

Results

Cooperative kinetic behaviour of pyruvate and CoA Varations in 1nital
velocity of the reaction of the pyruvate dehydrogenase complex with pyruvate
(P) and CoA (C) as the varied substrates are shown 1n Fig, 1a and b together
with the linear replots for Eqn. 1 [9]. The fitted values of the cooperativities
of these substrates kp and k¢, suggest that both display positive cooperative
kinetics towards the native complex. With pyruvate the calculated Hill coef-
ficient (h = 1.34) 1s similar to the value (1.1) obtained for the pyruvate dehy-
drogenase complex of £ coli [4,6] and 1s somewhat lower than that (2 5)
observed for the enzyme complex from Azotobacter vinelandu [6]. The inter-
pretation of positive cooperativity for pyruvate can be given with confidence
despite the low value of kp, because the fitting was performed using untrans-
formed data 1n the mid-range of fractional saturations and the residual sum of
squares for the fitted curve was acceptably small approx. (1 - 107*). The results
in Table I show that the fitted values for the maximal velocities attained with
pyruvate and CoA as the varied substrates are the same, within the limits of
experimental error.

Regulatory effects of NADH upon the variation of the nitial velocity with
NAD’. In the absence of NADH, the kinetics with respect to NAD" (N)
approached the limiting Michaelis-Menten form because the value of ky 1s not
sufficiently different from zero to justify the interpretation of positive kinetic
cooperativity (Fig. 1c and Table I). However, upon the addition of 30 uM

SO0 U W T,
50 100 150 200
CoA ’uM () NAD‘PM

Pyruvate mM (o)

Fig 1 Vanation of the imtial velocity when (a) pyruvate, (b) CoA and (c) NAD® are the varied substrates
The values for v are expressed 1n gumol NADH produced /min In (a) and (b) the solid lines were calculated
by substituting the fitted parameters into Eqn 1 (0—————0), or 1ts hnear transform (l——-’—l) [8] In (c)
the lines were calculated by substituting the fitted parameters into Eqn 1 only and the concentrations of
NADH were 0 uM (¢——=) 30 uM (A——4) 120 uM (8————8)
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TABLE I

KINETIC PARAMETERS OF THE EXPONENTIAL MODEL FOR PYRUVATE, CoA AND NAD* AS
THE VARIED SUBSTRATES

The parameters were obtained by fitting the raw (A, v) data to Eqn 1 by Gauss-Newton non-linear regres-
sion [11] V4 1s expressed as umol NADH formed/min

Vaned substrate (A) Va 10 ap (mM1) ka

Pyruvate (P) 357+ 006 103+ 004 102012
CoA (C) 471045 239 £1920 195030
NAD® (no NADH) * (N) 376+ 041 651+ 044 089038
NAD* (plus 30 uM NADH) * 220+ 068 422+ 090 169109
NAD* (plus 120 uM NADH) * 153:022 264+ 023 215+031

* Refers to the imitial concentration of NADH

NADH, Vy and ay decreased, whereas ky Increased, and these trends were
exaggerated by increasing the mnitial concentration of NADH (Table 1).

The effect of a ‘pure’ competitive inhibitor upon Eqn. 1 1s to decrease the
value of a only, leaving the value of k&, unaffected {13—15]. Table I shows that
this condition 1s not satisfied for the NADH inhibition. This fact, and the
observation that saturating concentrations of NAD" are not sufficient to over-
come the net inhibition by NADH (the operational definition of a competition
[16]), suggest that the inhibition 1s ‘mixed’. The changes of ay and ky induced
by NADH have a complementary effect such that at low and intermediate con-
centrations of NAD’, the degree of mhibition produced by NADH 1s greater
than would be observed if the rate function remained Michaelis-Menten. A sim-
ilar phenomenon has been observed for a number of other unrelated enzymes
[12,15].

It 1s interesting that the final affimity for NAD", ay exp (ky), of the enzyme
saturated with this substrate appears the same for both sets of data obtained in
the presence of NADH and different to that obtained 1n 1its absence. This may
indicate that NADH induces a gross conformational change in the multienzyme
complex.

Discussion

The pyruvate dehydrogenase multienzyme complex of P aeruginosa appears
to be similar but smaller, than that of E. coli [7,8]. So, the cooperative behav-
1our observed for each of the three substrates of the overall reaction (1.e., pyru-
vate, CoA and NAD") could arse by the binding of these higands to distinct
sites on the ndividual components (E1, E2 and E3, respectively). For the
enzymes from E coli and A wuvinelandu, several studies have implicated the
pyruvate dehydrogenase component as the primary locus of pyruvate cooper-
ativity and modulation by physiological effectors [3—6].

The observed positive cooperative steady-state kinetics for CoA are novel,
although Danson et al. [17] recently suggested from transient kinetic enidence,
that CoA may allostenically stimulate the ‘posting’ of acetyl groups between
1dentical subunits of the E2 complex of E coli. Interestingly, Bresters et al. [6]
suggested that the apparent steady-state kinetic cooperativity of CoA, observed
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for the pyruvate dehydrogenase from A wvinelandu, was due to the inhibitory
effects of accumulating acetyl-CoA that could be abolished with a CoA-regen-
erating system. However, this does not apply to the present study. Thus, 1t 1s
concluded that the regulatory influence of CoA upon the native complex 1s real
and may serve a physiological function.

Cooperative kinetics for NAD" have not been observed for other pyruvate
dehydrogenase complexes. Hansen and Henning [18] suggested on the basis of
prelimmary qualitative evidence that the binding of NADH was competitive
with respect to NAD® for the enzyme from E coli. However, they also
observed that at saturating concentrations of NAD", 50% mhibition was still
observed at a NADH/NAD' ratio of as low as 0.02. This last result contradicts
the operational definition of a competition [16]. Several studies [19,20] have
shown that for the £ coli enzyme NADH reacts with the flavoprotein com-
ponent (E3) of the complex and that excess NADH causes this component to
become doubly reduced, thereby causing nactivation of the native complex.
Although this may account for the effects on Vyy observed for the P aeruginosa
enzyme, 1t cannot explain the enhancement of NAD' cooperativity by NADH,
which 1s probably conformational in origin. Indeed, for the A vinelandu
enzyme, Inhibitor studies have implicated an NADH-promoted conformational
change [21].

In this study, reliable and sensitive statistical fitting procedures have been
used for estimating the kinetic parameters and cooperative effects. This avoids
any reliance on visual inspection or linear regression analysis which are notori-
ously muisleading, particularly for rate functions that are not of the Michaelis-
Menten type [22].

It 1s not clear to what extent the results obtained with P. aeruginosa can be
generalized, but the observed cooperative effects have obvious physiological
and structural importance and highlight the need for a general re-examination
of the kinetics of the bacterial pyruvate dehydrogenase complexes.
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