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Results from initial rate studies of the pea chloroplast pyruvate dehydrogenase complex indicate a kinetic 
mechanism identical to that of bacterial and mitochondrial complexes. Interaction kinetics for all substrates 
resulted in parallel lines consistent with a multisite ping-pong mechanism. Product inhibition studies showed 
competitive inhibition between acetyl-coenzyme A and coenzyme A and between NADH and NAD. 
Uncompetitive inhibition was found between pyruvate and NADH or acetyl-coenzyme A, while noncompeti- 
tive inhibition was found for NAD or coenzyme A versus acetyl-coenzyme A and NADH, respectively. 
Activity of the chloroplast pyruvate dehydrogenase complex could be regulated by product inhibition. The 
plastid complex was more sensitive to the N A D H / N A D  ratio than the acetyl-coenzyme A/coenzyme A 
ratio. Additionally, there is the potential for fine regulation of chloroplast pyruvate dehydrogenase complex 
activity by intermediates and products of fatty acid synthesis. 

Introduction 

In procaryotes the pyruvate dehydrogenase 
complex is located in the cytosol [1], while in 
mammalian cells and fungi it is within the 
mitochondrial matrix [2-4]. Plant cells are unique 
in having two distinct, spatially separated PDCs, 
located within the plastid [5-9] and mitochondrial 
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[10-13] compartments. The mitochondrial pyru- 
vate dehydrogenase complex provides an entry 
point for carbon into the tricarboxylic acid cycle 
while the plastid complex provides acetyl-CoA 
and N A D H  for fatty acid biosynthesis [14,15]. 

A minimal pyruvate dehydrogenase complex is 
composed of three discrete enzymatic activities, 
pyruvate dehydrogenase (EC 1.2.4.1), dihydro- 
lipoyl transacetylase (EC 2.3.1.12), and dihydro- 
lipoyl dehydrogenase (EC 1.6.4.3). Rather than 
attempt kinetic analysis of each of the compo- 
nents, the complex has typically been analyzed as 
if it was a single enzyme catalyzing the sum of the 
three reactions [16]. Kinetic data for the pyruvate 
dehydrogenase complex from various sources have 
been most consistent with a multi-site hexa-uni 
ping-pong mechanism [17]. 

It was previously established that pea chloro- 
plast activity was due to an authentic pyruvate 
dehydrogenase complex, but with a subunit struc- 
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ture and regulatory properties distinct from the 
mitochondrial complex [14,18]. Herein we present 
a partial kinetic characterization of pea chloro- 
plast pyruvate dehydrogenase complex, examine 
some potential regulatory properties, and propose 
a mechanism for the in situ control of activity in 
green leaves. 

Materials and Methods 

Pyridine nucleotides, acetyl-CoA, and CoA were 
from P-L Biochemicals. Buffers and dithiothreitol 
were from Research Organics, Inc. All other bio- 
chemicals were purchased from the Sigma Chem- 
ical Co. 

The complex was partially purified from 
freeze-thawed pea ( P i s u m  s a t i oum  L., cv. Little 
Marvel) chloroplasts as previously described [14]. 
Unless otherwise noted, the enzyme complex was 
purified through the second ultracentrifugation 
step. 

Kinetic data were plotted as reciprocal velocity 
versus reciprocal substrate concentration and fitted 
to Eqn. 1 by the least-squares method of Cleland 
[19]. Initial rates obtained from substrate interac- 
tion experiments were fitted to Eqns. 2 and 3 for 
ping-pong and ordered mechanisms, respectively. 
Product inhibition data were fitted to Eqn. 4 for 
linear competitive inhibition, Eqn. 5 for linear 
uncompetitive inhibition, and Eqn. 6 for linear 
noncompetitive inhibition. The patterns reported 
are those which resulted from the best fit of the 
data to the equations. The lines presented in the 
figures are from linear regression of the data, with 
each point the mean of at least three determina- 
tions and with a minimum of five points per line. 

v = V A / K  + A 

v = V A B / K b A  + A B  

v = V A B / K i a K b  + K b A  + A B  

v = V A / K  [1 + ( 1 / K i a ) ]  + A 

v = V A / K  + A[1 + I / K i i ]  

v = VA/K[1  + (1/Kia) l  + All + (1/10)] 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

When possible, compounds evaluated as poten- 
tial effectors were dissolved directly in assay 
buffer. Stock solutions of the more hydrophobic 

compounds were made up in either 95% (v/v) 
ethanol or dimethylsulfoxide. Assays containing 
these compounds also contained Triton X-100 at a 
final concentration of 0.125% (v/v). Control as- 
says showed no effect of the addition of solvent 
alone on the enzyme assays. Free fatty acids were 
converted to ammonium salts before they were 
tested. Palmitoyl-acyl carrier protein was gener- 
ously provided by Dr. J.B. Ohlrogge, and was 
prepared from E. coli acyl carrier protein and 
palmitate using E. coli acyl-acyl carrier protein 
synthetase [20]. In most cases pyruvate dehydro- 
genase complex was incubated with the effector 
for 1 min prior to initiation of the assay with CoA. 

All other materials and methods have been 
previously described [14,21]. 

Results 

Fig. 1 shows the initial velocity patterns ob- 
served when concentrations of one of the sub- 
strates, pyruvate, CoA, or NAD was varied at a 
fixed concentration of the second substrate and at 
fixed variable concentrations of the third. For all 
three substrate combinations a group of parallel 
lines was obtained in the double reciprocal plots, 
consistent with an overall ping-pong mechanism. 
The Michaelis constants obtained from plots of 
reciprocal velocity versus reciprocal substrate con- 
centration, at three different enzyme concentra- 
tions, were 36 ~M, 10 ~M and 120 gM for NAD, 
CoA and pyruvate, respectively. 

Product inhibition data, obtained by varying 
concentrations of NADH and acetyl-CoA versus 
each of the substrates, are presented in Figs. 2, 3 
and 4. Both NADH and acetyl-CoA were uncom- 
petitive inhibitors with respect to pyruvate. Non- 
competitive inhibition was observed with NAD as 
the substrate and acetyl-CoA the inhibitor (data 
not shown), and with CoA as the substrate and 
NADH the inhibitor (data not shown). Competi- 
tive inhibition patterns were observed with CoA 
as the substrate and acetyl-CoA the product, and 
with NAD as the substrate and NADH the prod- 
uct (Figs. 3 and 4). A summary of the product 
inhibition patterns is presented in Table I. 

An uncompetitive pattern was observed with 
NAD as the variable substrate and NADPH the 
inhibitor (Fig. 5). A g i value of 466 ~tM was 
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Fig. 1. Initial velocity patterns of the pyruvate dehydrogenase 
complex from pea chloroplasts. Panel A is a double reciprocal 
plot of CoA vs. varying concentrations of NAD at a fixed 
concentration of pyruvate (1.5 raM). The CoA concentrations 
were: 72 FM (O); 24 /zM (o);  and 8 /zM (11). Panel B is a 
double reciprocal plot of pyruvate vs. varying concentrations 
of NAD at a fixed concentration of CoA (120 FM). Pyruvate 
concentrations were: 310 ixM (O); 225 ixM (o);  and 160 ixM 
(11). Panel C is a double reciprocal plot of CoA vs. varying 
concentrations of pyruvate at a fixed concentration of NAD 
(2.3 raM). The CoA concentrations were: 150 ~tM (O); 25 ItM 

( o ) ;  and 8 FM (11). 

i r i i 
& 

0.01 

o.oq 

j r ~  ~ • O~M 
oo4 " 2 ~ " . . . . - ~  o ao,~, 

• 160 ,,uM 
240 ,uM 

- i i i i i i i 

006 ' 8 [NAOH] ,....,...,13~ 

o ,vM 

0.02 
I i I ~ I I I 

2 4 6 I0 12 ~4 

I/[PYRUVATE], mM-u 

Fig. 2. Product inhibition of pea chloroplast pyruvate dehydro- 
genase complex. Panel A is a double reciprocal plot of acetyl- 
CoA vs. pyruvate at fixed concentrations of CoA (40 ~tM) and 
NAD (1.4 mM). Panel B is a double reciprocal plot of NADH 
vs. pyruvate at fixed concentrations of CoA (20 ~tM) and NAD 

(72 p.M). 

An acetyl-CoA-to-CoA ratio of 2.2 was required 
for 50% inhibition. 

When tested at concentrations of 0.25 to 1 raM, 
intermediates of the photosynthetic carbon reduc- 
tion cycle and the photorespiratory carbon cycle 
had no major effect upon pyruvate dehydrogenase 

calculated from a replot of the inhibition data. 
Uncompetitive inhibition was also observed when 
ATP was tested at varying concentrations of NAD 
or CoA (Figs. 6 and 7). In both instances, rela- 
tively high concentrations of ATP were necessary 
to  inhibit chloroplast PDC activity. 

The percent inhibition when the ratios of 
NADH to NAD, and of acetyl-CoA to CoA were 
varied from 0 to 4.4 at a total pyridine nucleotide 
and coenzyme A concentrations of 100 ~M and 20 
~M, respectively, is presented in Fig. 8. A curvi- 
linear response was observed upon varying the 
proportion of NADH to NAD, with ratio of 0.2 
resulting in 50% inhibition. There was a linear 
increase in inhibition of PDC activity with an 
increasing proportion of acetyl-CoA in the assays. 
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Fig. 3. Inhibition of pea chloroplast pyruvate dehydrogenase 
complex by fixed variable concentrations of NADH at varying 
concentrations of NAD. Concentrations of CoA and pyruvate 

were fixed at 40 ~M and 1.5 raM, respectively. 
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Fig. 4. Inhibition of pea chloroplast pyruvate dehydrogenase 
complex by fixed variable concentrations of acetyl-CoA at 
varying concentrations of CoA. Concentrations of NAD and 

pyruvate were fixed at 2.3 mM and 1.5 raM, respectively. 
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Fig. 5. Inh ib i t ion  o f  pea chloroplast  pyruvate debydrogenase 
complex by fixed variable concentrations of NADPH at vary- 
ing concentrations of NAD. Concentrations of pyruvate and 

CoA were fixed at 1.5 mM and 40 ~tM, respectively. 

TABLE I 

PRODUCT INHIBITION PATTERNS OBSERVED FROM 
PEA CHLOROPLAST PYRUVATE DEHYDROGENASE 
COMPLEX 

Substrate Inhibitor Inhibition pattern 

Pyruvate NADH uncompetitive 
Pyruvate acetyl CoA uncompetitive 
NAD acetyl CoA noncompetitive 
NAD NADH competitive 
CoA acetyl CoA competitive 
CoA NADH noncompetitive 
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Fig. 6. Inhibition of pea chloroplast pyruvate dehydrogenase 
complex by fixed variable concentrations of ATP at varying 
concentrations of CoA. Concentrations of NAD and pyruvate 
were fixed at 100 p,M and 1.5 mM, respectively. The ATP 

concentrations were 2 mM (h), 1 mM (o) ,  and 0 mM (O). 

r , , 1 i 

0.028 

0.024 

:~ 0.020 

0.016 ~D/~'w/ • 2 mM 
o I mM 

0012 • 0 mM 

l , , i 215 510 5 I0 15 20 

I/[NAD], mM -t 

Fig. 7. Inhibition of pea chloroplast pyruvate dehydrogenase 
complex by fixed variable concentrations of ATP at varying 
concentrations of NAD. Concentrations of CoA and pyruvate 
were fixed at 40 ~M and 1.5 mM, respectively. The ATP 

concentrations were 2 mM (zx), 1 mM (o) ,  and 0 mM (O). 
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Fig. 8. Regulation of pea chloroplast pyruvate dehydrogenase 
complex activity by substrate-product ratios. The total pyri- 
dine nucleotide concentration was 100 I~M and the total CoA 
+acetyl-CoA concentration was 20 ~M. NADH/NAD (o); 

acetyl-CoA/CoA (e), 



TABLE II 

ACETYL-CoA DERIVED PLASTID METABOLITES AS 
POTENTIAL EFFECTORS OF THE PEA CHLOROPLAST 
PYRUVATE DEHYDROGENASE COMPLEX 

The following compounds (at the indicated mM concentration) 
had no discernable in vitro effect: fl-sitosterol (0.10), 
campesterol (0.10), carotene (0.10), squalene (0.10), HMG-CoA 
(1.00), abscisic acid (1.00), zeatin (1.00), zeatin riboside (1.00). 
Control rates were 0.11 ~tmol/min per assay. 

Effector Concentration Percent 
(raM) of control 

Palmitic acid 0.05 136 + 3 
Palmitoyl-CoA 0.05 86 + 2 
Palmitoyl-ACP 0.05 99 + 3 
Stearic acid 0.05 100 + 2 
Steroyl-CoA 0.05 86 + 1 
Oleic-acid 0.05 43 + 5 
Oleoyl-CoA 0.05 79 + 1 
Phytol 0.50 93 + 2 
Gibberellic acid A 3 1.00 114+4 

complex activity in vitro (data not presented). 
Similarly, fructose 2,6-bisphosphate, malonyl-CoA, 
acetate, and the amino acids alanine, leucine, iso- 
leucine, and valine were without effect. At a final 
concentration of 10 mM, inorganic phosphate in- 
hibited in vitro complex activity by 24 _+ 9%. 

Several acetyl-CoA-derived plant products were 
tested as possible effectors of chloroplast pyruvate 
dehydrogenase complex activity. Sterols, carotene, 
squalene, 3-hydroxy-3-methyl-glutaryl-CoA, and 
the terpenoid plant hormones, zeatin and abscissic 
acid, were without effect on plastid complex activ- 
ity in vitro (Table II). Palmitic acid stimulated 
activity while oleic acid was inhibitory and stearic 
acid was without effect. Acyl-CoAs elicited less 
pronounced effects than did the corresponding 
free fatty acids. At the concentrations tested, 
palmitoyl-acyl carrier protein had no effect upon 
pea chloroplast pyruvate dehydrogenase complex 
activity. 

Discussion 

While higher plant cells contain a mitochondrial 
pyruvate dehydrogenase complex, as do other 
eucaryotes, they differ in that they also have a 
second type of complex, located within the plas- 
tids. This is probably true for all young, develop- 
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ing or expanding plant tissues, both green and 
nongreen [7-9,22]. Based upon substrates required 
and products formed it was shown that the plastid 
activity was due to an authentic pyruvate dehy- 
drogenase complex [14]. It was reported, however, 
that the subunit composition and regulatory prop- 
erties of plastid complexes were distinct from those 
of their mitochondrial counterparts [14,18,23,24]. 
It was particularly notable that plastid pyruvate 
dehydrogenase complex is not regulated by 
reversible phosphorylation [14,18,23]. Addition- 
ally, there has only recently been published the 
first direct comparison of the kinetic mechanism 
of plastid pyruvate dehydrogenase complex with 
that of the mitochondrial complex from the same 
tissue, Ricinus endosperm [24,25]. This is a tissue, 
however, which is not photosynthetic, and the 
plastids are specialized for the conversion of gly- 
colytic intermediates into fatty acids [37]. As such, 
the regulatory properties of the complex could be 
distinct from those required in photosynthetic tis- 
sues. 

Cleland has developed the rate equations for a 
three-site ping-pong mechanism [17]. From these 
rate equations the initial veloicty patterns predic- 
ted are parallel lines, regardless of the substrate 
varied. The substrate interaction patterns ob- 
served for the pea chloroplast pyruvate dehydro- 
genase complex are consistent with the predicted 
patterns. Product inhibition patterns predicted by 
Clelands model require that each product will be 
competitive with the substrate combining at the 
same site and uncompetitive against other sub- 
strates. However, noncompetitive inhibition is pre- 
dicted if the product acts as a dead-end inhibitor 
or if it in some way hinders binding of the sub- 
strate [17]. With the pea chloroplast complex, 
acetyl-CoA and NADH were both uncompetitive 
versus pyruvate. Noncompetitive inhibition was 
observed with acetyl-CoA versus NAD and with 
NADH versus CoA. Similar results have been 
obtained with bacterial [26,27] and mitochondrial 
pyruvate dehydrogenase complexes from a variety 
of animal [28-30] and plant [11,31,32] sources, 
and with the plastid complex isolated from devel- 
oping castor oil seeds [25]. Tsai et al. [16] pre- 
sented evidence indicating that the observed non- 
competitive inhibition patterns were the result of 
protein interactions, whereby acetyl-CoA binding 
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hindered the binding of NAD, and NADH bind- 
ing hindered that of CoA. It seems likely then that 
all pyruvate dehydrogenase complexes have, at 
least, a very similar kinetic mechanism, regardless 
of the tissue or subcellular location. 

One primary component of regulation of 
eucaryotic pyruvate dehydrogenase complexes is 
reversible phosphorylation. As previously re- 
ported, however, the plastid enzyme complexes 
more closely resemble those of bacteria in that 
they are not regulated by covalent modification 
[18]. Bacterial pyruvate dehydrogenase complexes 
are regulated in part by metabolites [1]. Thus, a 
number of plastid metabolites were tested as 
potential regulators of the plastid enzyme. There 
was no evidence for metabolite effects in vitro 
from intermediates of the photosynthetic carbon 
reduction cycle, amino acid metabolism, or the 
photorespiratory carbon cycle. 

The plastid pyruvate dehydrogenase complex is 
thought to provide acetyl-CoA and NADH needed 
for fatty acid synthesis [14,35], a process that 
occurs in the light [33]. The effect of NADPH and 
ATP on the plastid complex thus becomes im- 
portant, since these metabolites increase at a time 
when high enzyme activity is necessary. An inhibi- 
tory effect of these metabolites might be predicted 
since both have structural similarities to CoA and 
NAD and because of a previous report of inhibi- 
tion of Ricinus leucoplast pyruvate dehydrogenase 
complex by ATP. The latter, however, was most 
likely the result of chelation of Mg 2+ from the 
reaction mixture. In the present study the g i for 
NADPH was high (466 ~tM) and ATP was only 
marginally inhibitory at a concentration as high as 
2 mM. The relative insensitivity to inhibition by 
NADPH and ATP, plus the previously described 
alkaline pH optimum and requirement for high 
concentrations of MgC12 [7,14,18], are all con- 
sistent with an active chloroplast pyruvate dehy- 
drogenase complex during illumination when the 
demand for acetyl-CoA and NADH for fatty acid 
biosynthesis is high. 

The pea chloroplast pyruvate dehydrogenase 
complex was sensitive to product inhibition, as are 
all pyruvate dehydrogenase complexes examined 
to date. The plastid complex appears to be more 
sensitive to changes in the N A D H / N A D  ratio 

than the acetyl-CoA/CoA ratio. As shown in Fig. 
8, small increases in the N A D H / N A D  ratio re- 
sulted in a substantial inhibition of the enzyme, 
whereas large increases in acetyl-CoA are needed 
to effectively inhibit the complex. The N A D H /  
NAD ratio required for 50% inhibition of pea 
chloroplast pyruvate dehydrogenase complex ac- 
tivity in vitro is approx. 4-fold lower than the ratio 
required for equal inhibition of the mitochondrial 
complex [11,12,23]. Thus, control of the plastid 
complex through changes in the N A D H / N A D  
ratio is suggested. 

The plastids of plant cells contain several en- 
zyme systems capable of synthesizing acetyl-CoA 
[34,35]. The most direct route includes a complete 
set of glycolytic isozymes plus the pyruvate dehy- 
drogenase complex [36-38]. Acetyl-CoA produced 
within the plastids can be used directly for synthe- 
sis of fatty acids. Although there has been some 
controversy concerning the localization of some 
early enzymes involved in isopentenyl-pyrophos- 
phate production (e.g., Refs. 39 and 40), plastids 
are the site of synthesis of complex terpenoids, 
quinones, hydrocarbons, and most of the plant 
hormones (reviewed in Ref. 41). Selected inter- 
mediates and end products of terpene synthesis 
were tested as potential effectors of the plastid 
pyruvate dehydrogenase complex, but none had 
any significant effect in vitro. There was, however, 
a stimulation of pea chloroplast enzyme activity 
by palmitate and an inhibition by oleate, the two 
primary end products of plastid fatty acid bio- 
synthesis [42]. The specificity would seem to indi- 
cate that these are not simple detergent effects. 
These fatty acid effects could be an additional 
component of the fine regulation of plastid pyru- 
vate dehydrogenase complex activity. 

The substrate requirements and kinetic mecha- 
nism of plastid pyruvate dehydrogenase com- 
plexes are the same as those of other organisms 
and organelles. The occurrence of varied biosyn- 
thetic pathways within this compartment has, 
however, resulted in the evolution of a unique set 
of regulatory properties. As our knowledge of 
plastid metabolism continues to increase, ad- 
ditional regulatory properties of the plastid pyru- 
vate dehydrogenase complex will certainly come 
to light. 
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