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Summary 

The pyruvate dehydrogenase multlenzyme complex of P s e u d o m o n a s  aerugt- 
nosa was subjected to a steady-state klnetm analysis using the exponential 
model for a regulatory enzyme and a sensitive statlstmal httmg procedure. This 
showed that all the substrates, pyruvate, CoA and NAD ÷, exhibit cooperative 
klnetms towards the native multmnzyme complex. 

Introduchon 

The pyruvate dehydrogenase mulhenzyme complexe catalyses the oxldatwe 
decarboxylatlon of pyruvate thus" 

pyruvate + NAD ÷ + CoASH -~ acetyl-CoA + CO2 + NADH + H ÷ 

and has elaborate quaternary structures contamlng multiple copies of three 
enzymic components, pyruvate dehydrogenase (El) (pyruvate:hpoamlde 
oxldoreductase (decarboxylatmg and acceptor-acetylatlng, EC 1.2.4.1), hpoyl 
transacetylase (E2) (acetyl-CoA dlhydrohpoamlde S-acetyltransferase, EC 
2.3.1.12) and llpoamlde dehydrogenase (E3) (NADH : hpoamlde omdoreduc- 
tase, EC 1.6.4.3) [1~2]. The rationale for such structures is probably a physlol- 
ogmal one smce the pyruvate dehydrogenase complex lies at the crossroads 
between mainstream carbohydrate matabohsm (glycolyms and gluconeogenesls) 
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and energy generation (the tr lcarboxyhc acid cycle). The regulatory properties 
of  these enzymes are therefore important  but  m procaryohc orgamsms (Esche- 
rtchta colt in partmular) only the cooperahve behavlour of  pyruvate has been 
exammed in detail [3--6].  

In the present paper we describe an analysis of the steady-state kinetics of 
the pyruvate dehydrogenase multmnzyme complex of  Pseudomonas aerugmosa 
[7,8].  In addition to the cooperative behawour of  pyruvate,  we also demon- 
strate for the frrst hme,  using a sensitive statlstmal fitting procedure [9] ,  that  
both CoA and NAD ÷ can exhibit  cooperative kmetms towards the native mulh- 
enzyme complex. 

Materials and Methods 

Enzymes  and reagents P aerugmosa stram PAO1 was kindly provided by 
Professor B.W. Holloway.  The pyruvate dehydrogenase mulhenzyme complex 
of glucose-grown P aerugmosa was isolated m pure form by ethanol-Sepharose 
2B chromatography,  followed by sucrose-gradmnt centnfugat lon [7,8].  It con- 
tamed no contaminating actlwtms. Citrate (st)-synthase (EC 4.1.3.7) was ob- 
tained from Boehnnger and all other reagents were of  the A.R. grade. 

Determmatton o f  enzyme  actwtty.  The pyruvate dehydrogenase complex 
was assayed with (pmol m a final volume of 1 ml): Tns-HC1 (100, pH 7.8), 
pyruvate (5), MgC12 (2), dlthlothreltol (2.5), thiamine pyrophosphate  (0.4), 
CoA (0.13) and NAD ÷ (0.6). The reaction was started with the vaned substrate 
and the product ion of NADH followed by the increase m absorbance at 340 
nm. Enzyme act lwty Is expressed as pmol  NADH produced/ram. All assays 
were performed at 25°C using a double-beam recording spect rophotometer  
(Unmam 8P1800).  When CoA was the vaned substrate the assay was modlfmd 
by the inclusion of a CoA-regeneratmg system- citrate (s0-synthase (2.5 units) 
plus oxaloacetate (0.2 pmol).  Protein was determined by the method of Lowry 
et al. [10] with bovine serum albumin as the reference protein. 

Analysts o f  the steady-state kmettcs Kinetic results were analyzed usmg the 
exponenhal  model for a regulatory enzyme [9] This model  allows rate data, 
contmnmg not  more than a smgle mflexion, to be expressed m terms of three 
parameters only: the maximal veloclty (VA) obtmned at saturating concentra- 
tions of the varmd substrate (A); the association constant  ( aA)of  the unbound 
enzyme for hgand A; and the cooperahwty  (kA). Thus, the rate functmn may 
be expressed as: 

V A A Ol A " exp(kAV/VA) 
v = 1 + A ~A " exp(kAV/VA) (1) 

where v is the mltml velocity of  reaction. The cooperat lwty (kA) may be mea- 
sured much more accurately than the Hill coeffmmnt (h) but  bears a sh-nple 
relation to it 

4 
h = 4  -- k-----~ (2) 

and Eqn. 1 shows that when ka = 0, the reaction follows Mmhaehs-Menten 
kmetlcs. 
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The parameters VA, O~ A and kA, were obtmned by fitting the raw data (A, v) 
to Eqn. 1 by Gauss-Newton non-linear regressmn [11]. In the data presented 
below the term 'saturating' always refers to an extrapolated value obtmned by 
computer calculatmn Thus, the saturatmn value of aA ZS ~A " exp (kA) obtmned 
when v = VA, see Eqn. 1. 

Results 

Cooperatwe kmetw behav~our of  pyruvate and CoA Variations In mztzal 
velocity of the reaction of the pyruvate dehydrogenase complex with pyruvate 
(P) and CoA (C) as the varied substrates are shown in Fig. l a  and b together 
with the linear replots for Eqn. 1 [9]. The fitted values of the cooperatzwtles 
of these substrates kp and kc, suggest that  both display positive cooperative 
kmetzcs towards the native complex. With pyruvate the calculated Hill coef- 
ficient (h = 1.34) is similar to the value (1.1) obtained for the pyruvate dehy- 
drogenase complex of E coh [4,5] and zs somewhat lower than that  (2 5) 
observed for the enzyme complex from Azotobacter vmelandu [6]. The inter- 
pretation of posztwe cooperatwity for pyruvate can be gwen with confidence 
despite the low value of ke, because the fitting was performed usmg untrans- 
formed data in the mid-range of fractional saturatmns and the residual sum of 
squares for the fit ted curve was acceptably small approx. (1 • 10-4). The results 
m 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 hmlts of 
experimental error. 

Regulatory effects of NADH upon the variation of the mlttal velocity w~th 
NAD ÷. In the absence of NADH, the kinetics with respect to NAD ÷ (N) 
approached the limiting MlchaelLs-Menten form because the value of ks  is not  
suffmiently different from zero to justify the interpretation of posztwe kmetzc 
cooperatwlty {Fig. l c  and Table I). However, upon the addition of 30 #M 
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F i g  1 Varia t ion  o f  the  t m t m l  v e l o c i t y  w h e n  (a )  p y r u v a t e ,  (b )  C o A  a n d  ( c )  N A D  ÷ are the  varied substrates  
T h e  v a l u e s  f o r  v are e x p r e s s e d  m ~ m o l  N A D H  p r o d u c e d / r a m  In ( a )  a n d  ( b )  the  so l id  l i ne s  w e r e  ca l cu la t ed  
b y  s u b s t i t u t i n g  the  f l t t ed  p a r a m e t e r s  In to  E q n  1 (o o) ,  o r  i t s  h n e a r  t r a n s f o r m  ( m ~ )  [ 8 ]  In  ( c )  
t h e  h n e s  w e r e  c a l c u l a t e d  b y  subs tz tuUng  the  f i t t ed  parameter s  Into  E q n  1 o n l y  a n d  t h e  e o n c e n t r a t l o n s  o f  
N A D H  w e r e  0 / ~ M  (#  - ' ) ,  3 0  # M  (A A).  1 2 0  ~ M  (z  --) 
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T A B L E  I 

K I N E T I C  P A R A M E T E R S  O F  T H E  E X P O N E N T I A L  M O D E L  F O R  P Y R U V A T E ,  CoA A N D  N A D  + AS 

T H E  V A R I E D  S U B S T R A T E S  

T h e  p a r a m e t e r s  w e r e  o b t a i n e d  by  f i t t i ng  the  r aw (A, v) d a t a  to  E q n  1 by  G a u s s - N e w t o n  non- l inea r  regres -  

s i o n  [ ii ] V A Is expressed as #mol NADH formed/nun 

V a n e d  s u b s t r a t e  (A) V A I 0  ~A ( m M - l )  hA 

P y r u v a t e  (P) 3 57 ± 0 06 I 03 ± 0 04  1 02  ± 0 12 

CoA (C) 4 71 * 0 45  239 ± 19 20 1 95  ± 0 30 
N A D  ÷ ( n o N A D H ) *  (N)  3 76 ± 0 4 1  6 51 ± 0 4 4  0 89 ± 0 38 

N A D  ÷ ( p l u s 3 0 # M  N A D H ) *  2 20 ± 0 6 8  4 22 ± 0 9 0  1 69 ± 1 09 

N A D  ÷ ( p l u s 1 2 0  #M N A D H )  * 1 53 ± 0 22 2 6 4  ± 0 23 2 15 ± 0 3 1  

* R e f e r s  to  the  ml t ta l  c o n c e n t r a t i o n  o f  N A D H  

NADH, VN and a N decreased, whereas k N increased, and these trends were 
exaggerated by mcreasmg the initial concentratmn of NADH (Table I). 

The effect  of  a 'pure'  competitive inhibitor upon Eqn. 1 is to decrease the 
value of  a only, leaving the value of  kA unaffected [13--15] .  Table I shows that 
thin condltmn IS not  satisfied for the NADH inhibition. This fact, and the 
observatmn that saturating concentratmns of  NAD ÷ are no t  suffmlent to over- 
come the net  mhlbltmn by NADH (the operatmnal defmltmn of a compet l tmn 
[16]),  suggest that  the inhibition is 'mixed'.  The changes of  aN and kN induced 
by NADH have a complementary effect  such that at low and mtermedlate con- 
centratlons of  NAD ÷, the degree of  mhlbltmn produced by  NADH IS greater 
than would be observed if the rate function remmned Mmhaehs-Menten. A sim- 
ilar phenomenon has been observed for a number  of  other  unrelated enzymes 
[12,15] .  

It is interesting that  the final affinity for NAD ÷, aN exp ( k s )  , of the enzyme 
saturated with this substrate appears the same for both  sets of  data obtamed m 
the presence of  NADH and different to that  obtained in its absence. This may 
mdmate that NADH mduces a gross conformatlonal  change m the mulhenzyme 
complex.  

Discussion 

The pyruvate dehydrogenase mult lenzyme complex of  P aerugmosa appears 
to be slm,lar but  smaller, than that  of E. coh [7,8].  So, the cooperative behav- 
1our observed for each of the three substrates of  the overall reaction 0.e., pyru- 
rate,  CoA and NAD ÷) could arise by the bmdmg of these hgands to chstmct 
sites on the mdlvldual components  (El ,  E2 and E3, respectively). For  the 
enzymes from E coh and A vmelandu, several stuches have lmphcated the 
pyruvate dehydrogenase component  as the prnnary locus of pyruvate cooper- 
ahvlty and modulat ion by physlologmal effectors [3--6].  

The observed pomtlve cooperative steady-state kmetms for CoA are novel, 
although Danson et al. [17] recently suggested from transmnt kmetm ewdence,  
that  CoA may alloster|cally stimulate the 'posting' of  acetyl groups between 
identmal subumts  of  the E2 complex of  E cob. Interestmgly, Bresters et al. [6] 
suggested that  the apparent steady-state kinetic cooperatlvi ty of  CoA, observed 
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for the pyruvate dehydrogenase from A vmelandu, was due to the inhibitory 
effects of accumulatmg acetyl-CoA that could be abohshed with a CoA-regen- 
eratmg system. However,  this does not  apply to the present study. Thus, it is 
concluded that the regulatory influence of  CoA upon the native complex is real 
and may serve a physiological function. 

Cooperative kinetics for NAD" have not  been observed for other pyruvate 
dehydrogenase complexes. Hansen and Hennmg [18] suggested on the basis of 
prehmmary quahtattve ewdence that the binding of NADH was competitive 
with respect to NAD* for the enzyme from E colt. However,  they also 
observed that at saturatmg concentratmns of  NAD ÷, 50% mhlbltmn was still 
observed at a NADH/NAD ÷ ratio of  as low as 0.02. This last result contradmts 
the operat]onal defm]tmn of a compet l tmn [16].  Several studies [19,20] have 
shown that for the E colt enzyme NADH reacts with the flavoprotem com- 
ponent  (E3) of the complex and that excess NADH causes this component  to 
become doubly reduced, thereby causmg mactlvatmn of the native complex. 
Although this may account for the effects on VN observed for the P aerugmosa 
enzyme, it cannot explain the enhancement of  NAD ÷ cooperat lwty by NADH, 
whmh is probably conformatmnal m origin. Indeed, for the A vmelandu 
enzyme, mhlbltor studms have lmphcated an NADH-promoted conformatmnal  
change [21].  

In this study,  rehable and sensitive statistical fitting procedures have been 
used for estimating the kmetlc parameters and cooperative effects. This avoids 
any relmnce on visual mspectmn or lmear regressmn analysis whmh are notori- 
ously mlsleadmg, partmularly for rate functmns that are not  of  the Mmhaehs- 
Menten type [22].  

It is not  clear to what extent  the results obtained with P. aerugmosa can be 
generalized, but  the observed cooperative effects have obwous  physmlogmal 
and structural importance and hlghhght the need for a general re-exammatmn 
of the kmetms of  the bacterial pyruvate dehydrogenase complexes. 
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