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1. Introduct ion 

Previous studies have shown that various analogs 
of pyruvate and oxaloacetate act as specific inhibitors 
of the transcarboxylation partial reaction catalyzed 
by chicken liver pyruvate carboxylase and, as indi- 
cated by the reduction in 1/Tlp* of water protons 
on formation of the enzyme-ihaibitor complexes. 
bind to this pyruvate carboxylase in the vicinity of 
the bound Mn (II) [1,2]. Such binding is accompa- 
nied by a marked decrease in the Mn (II)-water 
proton dipolar interaction [1]. These inhibitors have 
been tentatively classified as Types I, II or III on the 
basis of differences in (i) the patterns of inhibition 
observed in initial rate studies when pyruvate was 
the varied substrate and (ii) the relationship between 
l/T1 p and ligand concentration [1 ]. The studies 
described here provide some further basis for this 
classification of the inhibitors since the rate of inact- 
ration observed on incubation of chicken liver pyru- 
rate carboxylase at 2°C is decreased in the presence 
of Type I inhibitors, e.g. oxalate, fluorpyruvate, but 
is increased on addition of  Type II and III inhibitors, 
e.g. malonate, L-malate. These data suggest that the 
differences in the inhibition patterns described pre- 
viously [1] may be related to differing effects of 
these inhibitors on the conformation of pyruvate 
carboxylase. 

* 1/Tlp is defined as the paxamagnetic contribution to the 
longitudinal nuclear magnetic relaxation rate (I/T1). 

2. Materials and methods  

Pyruvate carboxylase was purified from chicken 
liver mitochondria as described previously [3] and 
was assayed by measurement of oxaloacetate produc- 
tion in the presence of malate dehydrogenase and 
NADH [4]. 

The effect of inhibitors on the inactivation of 
pyruvate carboxylase caused by incubation at 2°C 
was examined essentially as described by Scrutton 
and Fung [3]. Purified pyruvate carboxylase (speci- 
fic activity = 10-12 units/mg) was equilibrated with 
0.001 M (CHa)4N÷-HEPES, pH 7.2 containing 0.6 M 
(CH3)4NC1 and 0.1 mM DTE by gel filtration on 
Sephadex G-25 (20 X 1 cm). After gel filtration the 
enzyme was diluted to a final concentration oI 
0.2-0.4 mg/ml in the same buffek containing the ap- 
propriate concentration of the inhibitor and held 
at 2°C or 25°C. Small aliquots ( 2 -1 0  pl) of this 
incubation system were removed for assay of  residual 
enzymic activity at various times over the period 
required for loss of at least 60% of the initial activity 
in the sample held at 2°C. Under the conditions em- 
ployed in this study the rate of inactivation which 
is. observed on incubation at 2°C was first order in 
enzyme sites for at least one half-life in the presence 
or absence of the various added components. Dis- 
sociation constants (Kd) and relative rates of inacti- 
vation (k2/kl )  for the various complexes were obtain- 
ed by analysis of the inactivation rate data according 
to eq. 1 [5] : 
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In eq. 4 F A and V O are the first order rate 
constants describing the inactivation process in the 
presence and absence of a given concentration of the 
ligand, A, and k2 and k~ are the first order rate con- 
stants describing the rate of inactivation of the enzyme-  
ligand complex and the free enzyme respectively. 

3. Results and discussion 

Previous study by Irias et al. [6] have shown 
that pyruvate and oxaloacetate, the substrates of the 
transcarboxylation partial reaction catalyzed by pyru- 
vate carboxylase, have qualitatively different effects 
on the rate of inactivation which is observed on incu- 
bation of chicken liver pyruvate carboxylase at 2°C. 
The data illustrated in fig. 1 indicate a similar quali- 
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Fig. 1. Effect of various inhibitors on the rate of inactivation 
observed on incubation of chicken liver pyruvate carboxy- 
lase at 2°C. The incubation system contained 1 mM (CHs)4 
+N Hepes pH 7.2, 0.6 M (CHs)4NCI, 0.21 mg pyruvate 
carboxylase (specific activity = 11.4 units/rag) and the con- 
centtation of ligands as indicated in a total volume of 0.2 mk 
The inactivation was initiated by addition of the enzyme to 
a pie-cooled system at 2°C and the extent of residual acff 
vity estimated at the times indicated by removal of an aliquot 
( 2 -5  ~1) of this incubation system and dilution into 1.0 ml 
of the standard assay system [4]. Residual enzymic activity 
was estimated from ~the initial rate of decrease in As ,  o 
Previous studies have shown that reactivation of pymvate 
carboxylase does not  ocou r  u n d e r  these conditions [6]. 

tative difference in respect to the effect of Type I, 
and Types II and III, inhibitors of this partial reaction 
on this inactivation rate. Addition of a saturating 
concentration of oxalate (Type I) markedly depres- 
ses the rate of inactivation whereas addition of malo- 
nate (Type II) or L-malate (Type III) enhances this 
rate. From fig. 1 it is apparent that the rate of inacti- 
vation is first-order in enzyme sites in the presence, 
as well as the absence, of these ligands hence valida- 
ting the procedure employed for subsequent analysis 
of the inactivation rate data according to eq. 1 [5]. 

When the rate of inactivation is measured as a 
function of ligand concentration for examples of all 
three classes of the inhibitors, and for oxaloacetate, 
a hyperbolic relationship is observed between inacti- 
vation rate and ligand concentration. This is illustrated 
in fig. 2 for oxalate and L-malate when the data are 
plotted according to eq. 1. In the plot shown a linear 
relationship is observed for both these ligands permit- 
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Fig. 2. Relationship between the rate of inactivation at 
2°C and tigand concentration for oxaiate and L-malate. 
inactivation rates were estimated as a function of the con- 
centzations of oxalate and L-matte using a pxotocot simi- 
lar to that  described for fig. 1. These data are p lo t ted  ac- 
cording to eq. 1 in the figure to give K d for the enzym~- 
ligand complex (slope) and k 2/kl, the rate of inactivation 
of the enzyme-ligand complex relative to that observed for 
the free enzyme (intercept) [ 15]. 
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Table 1 
Comparison of dissociation constants obtained from cold inactivation 

studies with dissociation constants obtained from measurement of ]/Tlp of solvent 
protons and with inhibition constants derived from initial rate studies 

Ligand Cold inactivation zx l/Tlpa inhibition a 

K d (raM) k2/k I K d (mM) K i (raM) 

Inhibitors 
Type I 

Oxalate 0.007 0.3 0.003 0.011 
Fluoropyruvate 0.21 0.4 0. 23 0.17 
Oxamate 1.21 0.3 1.45 1.6 

Type II 
Malonate 3.5 1.5 6.7 5.4 

Type III 
L-Malate 1.7 2.5 3.0 6.5 

Substrates b,c 
Oxaloacetate 1.2 0 1.7 

a From [ 1] and unpublished data. 
b Although addition of  10 mM pyruvate causes a slight enhancement of the rate of in- 
activation at 2°C (cf. [6 ] )  the magnitude of this effect is insufficient to permit deter- 
mination ofK d and k2/k 1 for this substrate. 
c Assay for oxaloacetate after completion of the inactivation rate determination indi- 
cated that only a minimal decrease (<~ 10%) in concentration was observed over the 
time required for 60% decrease in enzymic activity in the sample incubated at 2°C. 

ting estimation o f K  d from the slope and k2/kl from 
the ordinate intercept. Table I summarizes the values 
ofK d and k2/kj obtained for oxaloacetate and for 
various Type I, II and III inhibitors. For purposes o f  
comparison inhibitor and dissociation constants ob- 
tained for these ligands from initial rate and solvent 
proton relaxation rate studies respectively are also 
included in table 1. Reasonable agreement between 
the various constants is observed for each ligand sug- 
gesting that the effects observed on the rate of  inacti- 
ration at 2°C result from formation of  the same 
complex as that which participates in catalysis and 
which causes a decrease in the interaction between 
the bound Mn(II) and the solvent. Since previous 
studies have shown that inactivation caused by incu- 
bation at 2°C is accompanied by dissociation of  this 
pyruvate carboxylase to inactive monomers, we may 
conclude that Type I inhibitors, e.g. oxalate, decrease 
the rate o f  inactivation by stabilizing the active 

tetramer whereas Type II and III inhibitors, e.g. ma- 
lonate, L-malate, increase the inactivation rate as a 
result either o f  preferential interaction with an inac- 
tive tetramer or monomer, or o f  induction of  a con- 
formation which favors such dissociation. Further- 
more comparison with the effect of  the substrates of  
the transcarboxylation partial reaction on the rate 
of  inactivation (table 1) [6] suggests that interaction 
of  the enzyme which with Type I inhibitors may in- 
duce a conformation similar to that characteristic of  
the E-oxaloacetate  complex. In contrast the complexes 
formed with Type II and III inhibitors may have a 
conformation which more closely resembles that o f  
the E-pyruvate  complex. This postulate is in accord 
with the previous proposal that oxalate acts as a 
transition state analog for pyruvate carboxylase [7].  
It is of  interest that the difference in conformation 
between Type I, and Type II and III inhibitor com- 
plexes detected by the cold inactivation studies (figs. 
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1 and 2) is also reflected in the EPR spectra of  the 
bound Mn(II) obtained for these complexes. Ad- 
dition of  Type I inhibitors, e.g. oxalate, fluoropyru- 
vate, has been found to cause marked narrowing of  
the individual resonance lines in the Mn(I I ) -EPR 
spectrum [2] whereas the width of  these lines is unaf- 
fected or somewhat broadened in the presence of  
malonate or L-malate [8]. Thus the tightening of  the 
enzyme conformation observed on addition of  Type I 
inhibitors, which is indicated by the decreased rate 
of  inactivation at 2°C (fig. 2), is also expressed as a 
decrease in the extent of  interaction of  solvent pro- 
tons with the coordination- sphere of  the bound Mn- 
(II) (cf. [2]). 
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