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Ernst Schonbrunn-Hanebeck,$ Bernd Laber) and Nikolaus Amrhein* 
Institut fur Pflanzenwissenschaften. Biochemie und Physiologie der Pflanzen, ETH Zurich, Sonneggstrasse 5, CH-8092 Zurich, 

Switzerland 
Received July 20, 1989; Revised Manuscript Received January 30, I990 

ABSTRACT: The pyruvate analogue acetylphosphinate (CH3-CO-P02H2) inhibits the pyruvate dehydrogenase 
component (E,) of the Escherichia coli pyruvate dehydrogenase multienzyme complex in a time-dependent 
process with biphasic reaction kinetics. The formation of an initial, rapidly reversible enzyme-inhibitor 
complex (EI)  with an apparent Ki of 0.12 f 0.025 p M  is followed by the conversion to a tighter complex 
(EI*) a t  a maximal rate of k3 = 0.87 f 0.34 min-'. The inhibition is reversible (dissociation rate constant 
k4 = 0.038 f 0.002 min-l), requires the presence of the cofactors thiamin pyrophosphate and Mg2+, and 
is competitive with regard to pyruvate. The microscopic rate constants give a value of 5 nM for the overall 
dissociation constant [Xi* = [E][I]/([EI] + [El*]) = Kik4/(k3 + k4)] compared with values of 10 and 3.5 
nM obtained by steady-state methods. Thus acetylphosphinate binds by 5 orders of magnitude more tightly 
to pyruvate dehydrogenase than does pyruvate (K, = 0.35 mM). Acetylphosphinate also affects the pyruvate 
dehydrogenase complex fluorescence when excited a t  290 nm in a time-dependent manner with a maximal 
rate constant of 0.99 min-I, suggesting a conformational change in the enzyme complex as the slow step 
in conversion of E1 to EI* (k3) .  All these features taken together suggest that the interaction of the pyruvate 
dehydrogenase with acetylphosphinate involves the formation of a thiamin pyrophosphate-acetylphosphinate 
adduct that resembles the normal reaction intermediate, 2-( 1 -carboxy-1 -hydroxyethyl)thiamin pyrophosphate 
(dac ty l th iamin  pyrophosphate). 

x e  pyruvate dehydrogenase multienzyme complex (PDC) 
plays an essential role in the metabolism of aerobic organisms 
by connecting the glycolytic pathway with the citric acid cycle 
and thus with the energy metabolism of the cell. It is one of 
the largest and most highly organized enzymatically active 
protein aggregates known and catalyzes the oxidative decar- 
boxylation of pyruvate by the pathway (Koike et al., 1963) 

E,-hydroxyethylideneTPP + C 0 2  

E,-TPP + E,-Lip(SH)SCOCH, 

E,-L~P(SH)~ + CH,COS-CoA 

H+ + CH3COCO2- + E,-TPP -+ 

E,-hydroxyethylidene-TPP + E2-LipS2 - 
E2-Lip(SH)SCOCH, + CoA-SH - 

E2-Lip(SH)2 + E3-FADOx -+ E2-LipS2 + E3-FADted 

E3-FADr,d + NAD' - Ej-FAD, + NADH + H+ 

sum: CH,COC02- + CoA-SH + NAD+ - 
The Escherichia coli PDC is composed of multiple copies of 
three different enzyme components, which in the order of their 
participation in the reaction sequence are pyruvate de- 
hydrogenase (E,) (EC l .2.4. dihydrolipoamide trans- 
acetylase (Ez) (EC 2.3.1.12), and dihydrolipoamide de- 
hydrogenase (E3) (EC 1.8.1.4). A total of 24 identical E, 
polypeptide chains form the cubelike structural core of the 

C02 + CH3COS-COA + NADH + H+ 
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complex, surrounded by 12 E, dimers and 6 E3 dimers, which 
are bound in a noncovalent manner (Angelides et al., 1979; 
Yang et al., 1985). 

The E, subunit is the primary target of most synthetic 
inhibitors of the enzyme, which can be roughly divided into 
analogues of the essential cofactor thiamin pyrophosphate 
(TPP) (Gutowski & Lienhard, 1976; Lowe et al., 1983; Buttler 
et al., 1977) and analogues of the substrate pyruvate. Pyruvate 
analogues act either as pure competitive inhibitors of substrate 
binding to the complex, such as fluoropyruvate (Bisswanger, 
1980, 198 l) ,  or as enzyme-activated irreversible (suicide) 
inhibitors, such as bromopyruvate (Maldonado et al., 1972; 
Apfel et al., 1984; Lowe & Perham, 1984) and moniliformin 
(Gathercole et al., 1986), or, in the case of methyl acetyl- 
phosphonate, are transformed into an analogue of a reaction 
intermediate (Kluger & Pike, 1977). 

In a previous paper (Laber & Amrhein, 1987) it was found 
that the novel pyruvate analogue acetylphosphinate inhibits 
the bovine heart PDC in a time-dependent reaction that fol- 
lowed pseudo-first-order and saturation kinetics and required 
the presence of TPP and Mg2+. The inhibition was judged 
to be irreversible on the basis of dilution experiments, but 
extensive dialysis recovered more than 50% of the lost enzymic 
activity, indicating an essential reversibility of the inactivation. 

~ ~ ~~~ ~ ~~~ 

I Abbreviations: CoA-SH, coenzyme A; DCPIP, 2,6-dichloro- 
phenolindophenol; E,, pyruvate dehydrogenase; E2, dihydrolipoamide 
transacetylase; E,, dihydrolipoamide dehydrogenase; EDTA, ethylene- 
diaminetetraacetate; LDH, lactate dehydrogenase; Lip(S),, lipoamide; 
Lip(SH)2, dihydrolipoamide; PDC, pyruvate dehydrogenase complex; 
TPP, thiamin pyrophosphate. * Enzymes: pyruvate dehydrogenase (EC 1.2.4. I ) ,  dihydrolipoamide 
transacetylase (EC 2.3.1.12), dihydrolipoamide dehydrogenase (EC 
1.8.1.4), lactate dehydrogenase (EC 1.1.1.27), and phosphotransacetylase 
(EC 2.3.1.8). 
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E .  coli Pyruvate Dehydrogenase 

On the basis of the experimental criteria available at that time, 
it had been concluded that acetylphosphinate is an enzyme- 
activated inhibitor of the PDC. Further investigations of the 
interaction of acetylphosphinate with the purified E.  coli PDC 
have now provided direct evidence that acetylphosphinate 
fulfils the criteria for a slow-binding inhibitor (Morrison, 1982) 
of the pyruvate dehydrogenase complex. 

EXPERIMENTAL PROCEDURES 
Enzymes and Reagents. Acetylphosphinate, synthesized by 

the method of Baillie et al. (1980, 1988), which involved 
treating triethyl orthoacetate with H3P02 in acid conditions 
to obtain CH3-C(OEt)2-P(0)(H)-OEtl and hydrolyzing this 
with aqueous alkali followed by aqueous acid, was provided 
by Ciba-Geigy AG, Basel, Switzerland. Dihydrolipoamide was 
prepared from lipoamide as described by Reed et al. (1958). 
Lactate dehydrogenase from bovine heart was supplied by 
Sigma Chemie, Deisenhofen, FRG. Biochemical reagents were 
obtained from Boehringer, Mannheim, FRG, and Sigma 
Chemie. 

Preparation of Enzyme. PDC was purified from an over- 
producing mutant of E .  coli K12, kindly provided by Dr. L. 
Packman, University of Cambridge, England, by the procedure 
of Reed and Mukherjee (1 969) as modified by Speckhard and 
Frey (1975) and Danson et al. (1979). The enzyme was stored 
at  -70 OC in 100 mM potassium phosphate buffer, pH 7.0, 
containing 2 mM EDTA. The specific overall activity of the 
purified PDC was 35 pmol of NADH formed min-' (mg of 
protein)-', comparable to the highest specific activities reported 
in the literature (Maldonado et al., 1972; Graupe et al., 1982). 
The specific E, activity was 300 nmol of DCPIP reduced min-' 
(mg of protein)-'. K ,  values of 350 pM and 1.5 pM (data 
not shown) were determined for pyruvate and TPP, respec- 
tively [literature values: 300 pM for pyruvate (Bisswanger, 
1980) and 1.15 pM for TPP (Horn & Bisswanger, 1983)l. 
The PDC showed no activity in the absence of TPP or Mg2+ 
or CoA-SH. 

The E2-E3 subcomplex and the El component were prepared 
as described by Coggins et al. (1976) and separated by fast 
protein liquid chromatography (FPLC) on Superose 12 
(Pharmacia, Freiburg, FRG). 

Enzyme Assays. Overall PDC activity was assayed by 
following NADH formation at 340 nm and 30 OC according 
to Reed and Willms (1966) as modified by Danson et al. 
(1978). Assay mixtures contained 50 mM potassium phos- 
phate buffer, pH 8.0, 2.5 mM NAD, 0.2 mM TPP, 10 mM 
MgCl,, 0.13 mM CoA-SH, 2 mM sodium pyruvate, and 
enzyme complex in a final volume of 1 mL. The reaction was 
started by the addition of pyruvate or enzyme or cofactors (as 
indicated). The increase in absorbance at 340 nm was followed 
with a Uvikon 8 10 spectrophotometer (Kontron Analytic 
GmbH, Eching, Switzerland). Enzyme activity is expressed 
as micromoles of NADH produced per minute. 

The activity of the pyruvate dehydrogenase component (E,) 
of the PDC was measured at 30 OC by following the reduction 
of DCPIP at 600 nm in the presence of pyruvate as described 
by Packman et al. (1982) and Lowe et al. (1983). The assay 
mixture contained 100 mM potassium phosphate buffer, pH 
7.0, 10 mM MgCl,, 0.2 mM TPP, 0.1 mM DCPIP, 2 mM 
sodium pyruvate, and 24 pg of PDC in 1 mL. 

Dihydrolipoamide transacetylase (E2) actvity was deter- 
mined according to Schwartz and Reed (1969). Assay mix- 
tures contained 100 mM Tris-HC1, pH 7.4, 1 mM acetyl 
phosphate, 5 units of phophotransacetylase, 2 mM m-di- 
hydrolipoamide, 0.13 mM CoA-SH, and 6 pg of PDC in 1 
mL. 
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FIGURE 1: Time-dependent inhibition of the overall activity of the 
PDC by acetylphosphinate. The PDC (2.4 pg/mL) was incubated 
at 30 OC in 0.99 mL of 50 mM potassium phosphate buffer, pH 7.4, 
containing 1 mM MgC12, 0.2 mM TPP, 2.5 mM NAD', 0.13 mM 
CoA-SH, and 0.1 (0), 0.25 (+), 0.5 (0), or 1 pM (X)  acetyl- 
phosphinate. At intervals the enzymic reaction was started by the 
addition of 10 pL of 0.2 M pyruvate and initial velocities were 
measured. 

Dihydrolipoamide dehydrogenase (E3) activity of the PDC 
was assayed at 30 OC in 50 mM potassium phosphate buffer, 
pH 8.0, containing 2.5 mM NADH, 0.4 mM DL-dihydro- 
lipoamide, 10 mM MgClz, and 0.6 pg of PDC according to 
Brown and Perham (1976) and Danson et al. (1978). 

Determination of Acetylphosphinate. Quantitative deter- 
mination of acetylphosphinate was based on its NADH-de- 
pendent reduction to (hydroxyethyl)phosphinate, catalyzed by 
lactate dehydrogenase (Laber & Amrhein, 1987). The assay 
mixture (1 mL) contained 300 mM triethanolamine, pH 7.6, 
3 mM EDTA, 0.2 mM NADH, 30 units of lactate de- 
hydrogenase, and acetylphosphinate to be determined. After 
a 1-h incubation at  room temperature, the difference in E,, 
between the sample and a blank without acetylphosphinate 
was used to calculate the amount of acetylphosphinate. 

Protein Determination. Protein was determined by the 
method of Bradford (1976) with bovine serum albumin as the 
standard. 

Fluorescence Measurements. Fluorescence measurements 
were performed with a Shimadzu spectrofluorometer. The 
excitation wavelength was 290 nm, and emission spectra were 
recorded in the range of 300-500 nm. The measurements were 
done with PDC solutions of 100 pg/mL in 50 mM potassium 
phosphate buffer, pH 7.4, at  room temperature. 

RESULTS 
Time-Dependent Inhibition of the PDC Overall Activity. 

When the PDC is incubated with increasing concentrations 
of acetylphosphinate in the presence of saturating concen- 
trations of MgCl, and TPP, the overall activity decreases as 
a function of time and of acetylphosphinate concentration 
(Figure 1). 

Loss of activity follows biphasic pseudo-first-order kinetics: 
an initial rapid phase is terminated within less than 30 s and 
cannot be resolved in time by the spectrophotometric assay 
used here. The rapid phase is followed by a slower phase 
terminated by a steady-state level at  which residual enzymic 
activity is stable for more than 4 h. Further addition of enzyme 
to the incubation mixture at times when maximal inhibition 
has been achieved (i.e., after approximately 20 min) leads to 
further inhibition of the overall activity with the same inhib- 
ition pattern as that shown in Figure 1 (data not shown). This 
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pattern excludes the possibility that the observed steady-state 
levels are due to the disappearance of acetylphosphinate during 
the incubation with the PDC (e.g., decomposition in solution 
or enzyme-catalyzed modification). Therefore, an explanation 
of the biphasic reaction kinetics must account for at least two 
steps in which an initial, reversible complex (EI) isomerizes 
to a form (EI*) from which the inhibitor is released only slowly 
(Fleck, 1971; Kluger, et al., 1984), as shown in Scheme I .  
Scheme 1 
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k k 

k2 k4 
E + I ~ E I + E I *  

Assuming that establishment between free inhibitor (I) ,  
enzyme (E), and transient enzyme-inhibitor complex (EI) is 
not controlled by a rate-limiting step, data may be fitted to 
the single exponential equation (Schloss, 1989) 

(1) 

A and A. are the activities at time t and zero time, respectively, 
F1 equals the fractional activity after establishment of equi- 
librium between E, I, and EI, and F2 represents the residual 
activity at infinite time. kobs is the apparent first-order rate 
constant for the slow phase of inhibition. 

The initial level of inhibition ( F , )  depends on the concen- 
trations of substrate ([SI) and inhibitor ([I’]) in the assay 
mixture 

A / A o  = F2 + (F,  - F2)e-ko* 

whereas the final steady-state level (F2)  varies as a function 
not only of the concentrations of substrate ([SI) and inhibitor 
([1’]) in the final assay mixture but also of the inhibitor 
concentration in the preincubation mixture prior to assay ([I]) 
as discussed by Schloss (1 989): 

(3) 
1 + [SI/Km 

F2 = 
(1 + [I’l/Ki + [ S l / K m ) ( 1  + [II/Ki**) 

Ki is the concentration of the competitive inhibitor that gives 
50% initial inhibition at low substrate concentration ([SI << 
K,) and is defined by 

(4) 

while the concentration of inhibitor that gives an equal amount 
of free enzyme (E) and the final enzyme-inhibitor complex 
(EI*) is designated by Ki** (Schloss, 1989): 

k2/k1 = [El [II/[EIl = Ki 

kzkd/klk, = [E][I]/[EI*] = Ki** 

The rate of the loss of activity in the slower phase of ace- 
tylphosphinate-mediated PDC inactivation is characterized by 
the observed first-order rate constant 

kobs = k4 + k3[[Il/(Ki + [I])] (6 )  

kobs k,[[II/(Ki + [Ill1 (7) 
or simply 

(Aldridge & Reiner, 1972), provided that dissociation of the 
EI* complex is negligible (Le., k3/k4 is much larger than 
unity). 

According to eq 1 the numerical value of kob for any given 
inhibitor concentration can be obtained from a semilogarithmic 
plot of (percent activity remaining - F2) versus incubation time. 
The resulting straight h e  has a slope of -kobs. Values for kob 
obtained with a total of 13 concentrations of acetylphosphinate 
revealed that the rate of inhibition was saturable with a 
maximal value of k3 = 0.6 min-l. The concentration of ace- 
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FIGURE 2: Effect of pyruvate on the inhibition of the PDC by ace- 
tylphosphinate. The PDC (2.4 pg/mL) was incubated a t  30 O C  in 
0.97 mL of 50 m M  potassium phosphate buffer, pH 7.4, containing 
1 mM MgCI,, 0.2 mM TPP, 1 pM acetylphosphinate, and 0 (O), 0.1 
(+), 0.2 (0) ,  or 0.4 m M  (X) pyruvate. At intervals the enzymic 
reaction was started by the addition of CoA-SH (final concentration 
0.13 mM), NAD+ (final concentration 2.5 mM), and pyruvate (final 
concentration 2.2 mM). Initial velocities were measured. 

Scheme I1 
K S  

E + - E S  

+ 
I 

Xli t 
tylphosphinate giving a half-maximal rate of inhibition was 
Ki = 0.15 pM, and the rate constant for inactivation at  low 
inhibitor concentration (in the absence of substrate) was 6.7 

The time-dependent inhibition was also studied in the 
presence of pyruvate. As illustrated in Figure 2, a protective 
effect by pyruvate in both phases of the inhibition is observed. 
The simplest scheme for the interpretation of this effect is one 
in which the inhibitor (I) is able to combine with enzyme (E) 
only when pyruvate is not bound, presumably because of 
competition for the same site (Scheme 11). Because of the 
apparently low value of k4/k3, it is possible to calculate the 
equilibrium dissociation constant for pyruvate (K,) by plotting 
the reciprocal of the observed pseudo-first-order rate constant 
for inhibition (kob-l) versus the substrate concentration in the 
preincubation mixture before assay according to the equation 
(Aldridge & Reiner, 1972) 

x 104 M-1 s-1. 

or 

(9) 

The ratio of the intercept to the slope [intercept/slope = K,( 1 
+ [ I ] / K , ) ]  of the resulting straight line yielded a K, value of 
20 p M ,  which is about 18 times lower than the K, for pyruvate 
(0.35 mM). As NAD’ was omitted from the protection ex- 
periment, turnover did not occur, and the K,  value need not 
be equivalent to K ,  as it includes only the reversible binding 
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FIGURE 3: Time-dependent inhibition of the E, activity of the PDC 
by acetylphosphinate. The PDC (24 pg/mL) was incubated at 30 
OC in 0.99 mL of 100 mM potassium phosphate buffer, pH 7, con- 
taining 1 mM MgCI2, 0.2 mM TPP, 0.1 mM DCPIP, and 0.25 (+), 
0.5 (0), 1 (X), 2 (A), or 4 pM (0) acetylphosphinate. At intervals 
the enzymic reaction was started by the addition of 10 pL of 0.2 M 
pyruvate and initial velocities were measured. 
of pyruvate up to, but not including, the decarboxylation step 
(Reed & Willms, 1966; Hucho, 1975; Bisswanger, 1984). 

Inhibition of the Pyruvate Dehydrogenase ( E , )  Activity of 
the PDC. In order to investigate the effect of acetyl- 
phosphinate on the activity of the individual components of 
the PDC, the intact multienzyme complex was incubated with 
2 pM acetylphosphinate in the presence of MgC12 and TPP 
for 5 min, and then pyruvate dehydrogenase (E,), dihydro- 
lipoamide transacetylase (E2) and dihydrolipoamide de- 
hydrogenase (E,) activities were measured as described under 
Experimental Procedures. The results (data not shown) in- 
dicated that acetylphosphinate had no effect on the dihydro- 
lipoamide transacetylase (E2) and dihydrolipoamide de- 
hydrogenase (E3) activities, whereas pyruvate dehydrogenase 
activity decreased by 75% with respect to the uninhibited 
activity. 

Consistent with this result, incubation of the isolated py- 
ruvate dehydrogenase subunit (see Experimental Procedures) 
in the presence of 2 pM acetylphosphinate for 5 min led to 
70% loss of activity, but no inhibition of the activity of the 
isolated ErE3 subcomplex could be observed (data not shown). 
Moreover, upon incubation with acetylphosphinate, the py- 
ruvate dehydrogenase (E,) of the intact PDC displays a 
time-dependent decrease in activity similar to the time-de- 
pendent inhibition of the overall activity (Figure 3). 

Graphical estimation of the apparent first-order rate con- 
stants (kobs) was performed as described above, and a replot 
of kob-' versus the reciprocal of the corresponding inhibitor 
concentration gave k3 = 0.4 min-' and Ki = 0.21 pM. The 
pyruvate dehydrogenase component of the PDC may therefore 
be considered the target of the inhibition of the PDC by 
acety Iphosphinate. 

Tight-Binding Behavior of Acetylphosphinate. An exper- 
iment was carried out in which the velocity obtained after a 
50-min preincubation in the presence of acetylphosphinate was 
studied as a function of the total TPP binding site concen- 
tration. The concentration of TPP binding sites was calculated 
by assuming a M, of the PDC of 4.6 X lo6 (Eley et al., 1972) 
and 24 TPP binding sites per complex (Moe & Hammes, 
1974). Concentrations of inhibitor used were such that 
equilibrium between enzyme, inhibitor, and enzyme-inhibitor 
complexes was achieved within the incubation time. Under 
these conditions, the velocity obtained shortly after addition 

0 3 6 9 12 15 18 
TPP-binding sites (nM) 

FIGURE 4: PDC activity as a function of enzyme concentration during 
a preincubation with increasing acetylphosphinate concentrations 
(Ackermann-Potter plot). Various amounts of the PDC were incu- 
bated at room temperature in 0.97 mL of 50 mM potassium phosphate 
buffer, pH 7.4, containing 1 mM MgCI2, 0.2 mM TPP, and 0 (X), 
10 (0), 25 (+), 50 (A), or 100 nM (0) acetylphosphinate. After 50 
min, the enzymic reaction was started by the addition of CoA-SH 
(final concentration 0.13 mM), NAD' (final concentration 2.5 mM), 
and pyruvate (final concentration 2.2 mM). 

of substrate was equal to the steady-state velocity, since the 
already established equilibrium between enzyme, inhibitor, and 
enzyme-inhibitor complexes is not expected to be shifted 
significantly because of substrate binding. 

Plots of velocity against enzyme concentration at different 
inhibitor concentrations have proven to be a useful method 
for characterizing tight-binding inhibition (Ackermann & 
Potter, 1949; Morrison, 1969; Cha, 1975; Agarwal et al., 1977; 
Williams & Morrison, 1979). As shown in Figure 4, ace- 
tylphosphinate appears to act as a "stoichiometric inhibitor"; 
Le., the activity increases linearly with increasing TPP binding 
site concentration only after the enzyme concentration exceeds 
that of the inhibitor. As pointed out by Williams and Morrison 
(1979), the asymptotes of curves such as the ones presented 
in Figure 4 will intersect the abscissa at E, = I,. Thus, a plot 
of this type allows the determination of the ratio of bound 
inhibitor to free inhibitor, which should be unity in the case 
of tight-binding and slowly reversible inhibition (provided that 
inhibition takes place with every catalytic cycle) but was found 
to be 1:lO in the case of PDC inactivation by acetyl- 
phosphinate. 

Since the data of Figure 4 were obtained under equilibrium 
conditions, it is possible to determine the overall dissociation 
constant (Ki*), in which all the rate constants of Scheme I are 
expressed as 

The graphical procedure for the determination of Ki* as de- 
scribed by Cha (1975) gave a value of 10 nM for Ki* compared 
to a value of 3.5 nM obtained under conditions where the 
concentration of substrate (pyruvate) in the final assay mixture 
was varied (Henderson, 1972) (data not shown). 

Reversibility of PDC Inhibition by Acetylphosphinate. The 
reversibility of binding of acetylphosphinate to the PDC was 
tested by extensive dialysis of the inhibited complex as well 
as by successive gel filtration and dilution. The half-time of 
recovery of enzyme activity in the dialysis experiment was 
determined to be 18 min. Since the dissociation of the PDC- 
acetylphosphinate (EI*) complex is rate determining for the 
recovery of PDC activity, the half-time of recovery of enzymic 
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FIGURE 5 :  Assay progress curves in the presence of acetylphosphinate. 
Assays were initiated by the addition of 0.6 pg of PDC to 0.99 mL 
of 50 mM potassium phosphate buffer, pH 7.4, containing all cofactors, 
2 mM pyruvate, and increasing concentrations of acetylphosphinate. 

activity (0.04 min-I) equals the rate constant k4 of Scheme 
I. The possible contribution of diffusion-controlled rates during 
dialysis was neglected in this calculation. 

Analysis of Progress Curves. When the overall PDC ac- 
tivity was continuously assayed after addition of enzyme to 
assay mixtures containing both acetylphosphinate and pyru- 
vate, the resulting progress curves displayed a time-dependent 
decrease in the reaction rate, which varied as a function of 
the inhibitor concentration (Figure 5). By contrast, when an 
aliquot of a preincubation mixture of acetylphosphinate and 
PDC was added to the assay mixture such that enzyme and 
inhibitor were diluted 10-fold, a lag phase prior to the final 
steady-state velocity was observed (data not shown). Since 
the slow onset of inhibition is clearly not due to irreversible 
enzyme inactivation and since the experimental conditions 
chosen exclude the possibility of inhibitor or substrate depletion 
while the final steady-state rate was achieved, the curves of 
Figure 5 reflect the slow establishment of the equilibrium 
between enzyme, inhibitor, and enzyme-inhibitor complexes. 
The analysis of a total of 30 assay progress curves (1.5, 3, and 
4.5 nM TPP-binding site concentration) by the equations of 
Cha (1 975,1976) and Morrison and Walsh (1 987) gave values 
of k,  = 1.3 min-I, k4 = 0.036 min-I, and Ki = 0.12 MM (data 
not shown). 

Acetylphosphinate-Induced Fluorescence Quenching. The 
fluorescence emission spectrum of the PDC in potassium 
phosphate buffer, when excited at 290 nm, reveals a maximum 
at 333 nm (Figure 6, curve A), which is characteristic of the 
indole moiety of tryptophan [for comparison, Horn and Bis- 
swanger (1983) report a maximum at 330 nm]. Addition of 
1 mM MgC12 to the enzyme complex has negligible effects 
on the emission spectrum (quenching = approximately 3%), 
but addition of 0.2 mM TPP to the PDC/MgCI, mixture 
reduces the fluorescence intensity at 333 nm by approximately 
30% (Figure 6, curve B). 

Upon addition of 0.2 mM acetylphosphinate to a mixture 
of PDC, TPP, and MgClz the maximum of curve B in Figure 
6 decreases by a factor of I / ,  in a time-dependent manner 
(Figure 6 insert). By contrast, addition of 2 mM pyruvate to 
the PDC/TPP/MgCI2 mixture reduces the maximum of curve 
B by approximately 6% but no time-dependent loss of 
fluorescence intensity was observed. 

The curve in the insert of Figure 6 can be described by the 
single exponential equation 

(1 1) yt = yr + Ae-ko"* 

305 355 405 455 

waveiength (nm) 
FIGURE 6 :  Effect of acetylphosphinate on the fluorescence emission 
spectrum of the PDC. Fluorescence emission spectra of 300 pg of 
PDC in 3 mL of 50 mM potassium phosphate buffer, pH 7.4 (curve 
A), after addition of MgCI2 (final concentration 1 mM) and TPP (final 
concentration 0.2 mM) (curve B) and 10 min after addition of ace- 
tylphosphinate (final concentration 0.2 mM) to the PDC/MgCI2/TPP 
mixture (curve C). Excitation was at 290 nm. The insert shows the 
time course of the acetylphosphinate-induced fluorescence quenching. 
The reaction mixture contained 300 pg of PDC in 3 mL of 50 mM 
potassium phosphate buffer, pH 7.4,0.2 mM TPP, 1 mM MgCll and 
200 pM acetylphosphinate. Excitation was at 290 nm, and tryptophan 
fluorescence was recorded at 333 nm. 

where y ,  is the signal at  time t ,  yf is the final value of 
fluorescence, A is an amplitude parameter, and kOb is the 
apparent first-order rate constant for fluorescence decrease. 
According to this equation, the numerical value for kobs can 
be determined from a semilogarithmic plot of (yt - yr) versus 
time and was calculated to be 0.99 min-I. 

An increase in the concentration of either acetylphosphinate, 
TPP, or MgClz did not affect the rate of fluorescence 
quenching. Thus, the estimated kh value equals the maximum 
rate constant for conversion of the transient E1 complex into 
the slowly reversible EI* complex ( k ,  in Scheme I). The 
acetylphosphinate-induced time-dependent decrease of the 
tryptophan fluorescence is dependent on the presence of both 
TPP and Mg2+. 

DISCUSSION 
Several phosphonate and phosphinate analogues of pyruvate 

have been designed as potential mechanism-based inhibitors 
of pyruvate dehydrogenase (Kluger & Pike, 1977; O'Brien et 
al., 1980; Baillie et al., 1988). While methyl acetylphosphonate 
was found to be a competitive inhibitor with a Ki of 50 nM, 
acetylphosphinate and acetyl methylphosphinate were both 
reported to inhibit pyruvate dehydrogenase in a timedependent 
and essentially irreversible manner (Laber & Amrhein, 1987; 
Baillie et al., 1988). 

The data presented here clearly demonstrate that inacti- 
vation of the pyruvate dehydrogenase complex of E .  coli by 
acetylphosphinate represents slow-binding inhibition, a type 
of inhibition that is currently receiving considerable attention 
(Morrison & Walsh, 1987; Schloss, 1988). Scheme I repre- 
sents the most probable sequence of the interaction between 
pyruvate dehydrogenase and acetylphosphinate. With an 
overall dissociation constant of Ki* = 5 nM, acetylphosphinate 
is one of the most potent inhibitors of the pyruvate de- 
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hydrogenase complex hitherto described. The low Ki* value 
as well as the slow onset of inhibition is characteristic of 
reaction intermediate analogues (Westerik & Wolfenden, 
1972, 1974; Wolfenden, 1972; Lienhard, 1973; Schloss, 1988). 
Moreover, the acetylphosphinate-induced time-dependent 
fluorescence quenching (Figure 6) indicates a conformational 
change in the enzyme as the slow step in the conversion of E1 
to EI* ( k ,  in Scheme I). Since both the inhibition of the 
enzymatic reaction and the fluorescence quenching strictly 
depend on the presence of TPP and Mg2+, we propose that 
pyruvate dehydrogenase catalyzes the formation of an ace- 
tylphosphinate-TPP adduct, a close analogue of a-lactyl-TPP 
[2-( l-carboxy- 1-hydroxyethy1)-TPP], which is the first in- 
termediate of the normal catalytic process [see Kluger (1987) 
for review]. In  consequence, subsequent interactions mimic 
those associated with the formation of the transition state but 
are slow because not all of the structural features required for 
this process are provided by the analogue of the intermediate. 
The reverse isomerization reaction, however, is even slower 
because dephosphinylation (i.e., cleavage of the C-P bond) 
cannot take place, with the result of a “dead-end complex” 
between enzyme and analogue. A similar mechanism has been 
proposed for the inhibition of the pyruvate dehydrogenase 
complex by methyl acetylphosphonate (Kluger & Pike, 1977). 
Chemical synthesis of the postulated acetylphosphinate-TPP 
adduct is clearly required to test this hypothesis. 
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