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Elementary Steps in the Reaction Mechanism of the Pyruvate
Dehydrogenase Multienzyme Complex from Escherichia coli: Kinetics of

Acetylation and Deacetylation®

Steven K. Akiyama? and Gordon G. Hammes*

ABSTRACT: The kinetics of the acetylation of the pyruvate
dehydrogenase complex from Escherichia coli by [3-*C]py-
ruvate and of the deacetylation of the complex by coenzyme
A have been studied by using rapid mixing—quench techniques.
The time course for acetylation in 4 mM thiamin pyro-
phosphate, 2 mM MgSQ,, and 0.02 M potassium phosphate
(pH 7.0) at 4 °C can be analyzed in terms of two kinetic
processes. At long times 10 nmol of acetyl groups is incor-
porated per mg of enzyme complex (48 sites per complex of
molecular weight 4.8 X 10%). The slower process is much too
slow to be of catalytic significance. The rate constant for the
faster process is not dependent on enzyme concentration and
reaches a limiting value of 40-65 s™! at high pyruvate con-

Tle pyruvate dehydrogenase multienzyme complex of Es-
cherichia coli consists of three different enzymes (Koike et
al., 1963; Willms et al., 1967) with a polypeptide-chain
stoichiometry of 24 pyruvate decarboxylases (E,),! 24 di-
hydrolipoyl transacetylases (E,), and 12 dihydrolipoy! de-
hydrogenases (E;) and an overall molecular weight of 4.8 X
10% (Reed, 1974; Angelides et al., 1979). These enzymes
catalyze the decarboxylation of pyruvic acid and the acety-
lation of coenzyme A by the following sequence of reactions
(Koike et al., 1960):

pyruvate + E,[TPP] — CO, + E [hydroxyethyl-TPP] (1)
E,[hydroxyethyl-TPP] + E,[Lip-(S),] =
E,[TPP] + E,[HS-Lip-S-acetyl] (2)
E,[HS-Lip-S-acetyl] + coenzyme A =
E,[Lip-(SH),] + acetyl coenzyme A (3)
E,[Lip-(SH),] + E;[FAD] =
E,[Lip-(S),] + E;[FAD(red.)] (4)
E;[FAD(red.)] + NAD* = E;[FAD] + NADH + H*
(5)

where TPP, Lip-(S),, and Lip-(SH), are thiamin pyro-
phosphate and oxidized and reduced lipoic acid, respectively.
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centrations; the exact value is dependent on the detailed
acetylation mechanism assumed. The minimum molar turn-
over number of the enzyme complex is 420 s (17.5 s7! per
pyruvate decarboxylase). The acetylated lipoic acids are de-
acetylated by coenzyme A at a rate much faster than that of
acetylation. Complete deacetylation is obtained only if the
deacetylation is carried out within seconds of the acetylation,
apparently because dead-end intramolecular transfers of acetyl
groups from the lipoic acids to other functional groups on the
enzyme not essential for catalytic activity can occur. The
results obtained suggest only about half of the acetylation
reactions are on the main catalytic pathway.

The brackets indicate cofactors and intermediates which are
tightly or covalently bound to the enzyme.

The mechanism of the overall reaction involves the inter-
action of a lipoic acid with the catalytic sites of all three
enzymes. Resonance energy transfer measurements suggest
that a single lipoic acid cannot span the distances between the
catalytic sites (Moe et al., 1974; Shepherd & Hammes, 1976,
1977) and that lipoic acid residues are in close proximity to
each other (Angelides & Hammes, 1979). Studies of the
overall activity of chemically modified enzyme complexes
indicate that at least two lipoic acids are required per catalytic
cycle and that only about seven active lipoamide de-
hydrogenases are required for a completely active complex
(Angelides & Hammes, 1978). Thus, the mechanism for the
overall reaction very likely involves the transfer of acetyl groups
and oxidation-reduction between lipoic acids (Brown &
Perham, 1976; Bates et al., 1977; Collins & Reed, 1977;
Angelides & Hammes, 1978).

For further elucidation of the reaction mechanism, a study
of the individual steps in the reaction mechanism utilizing fast
reaction techniques has been initiated. In this work the ace-
tylation and deacetylation of the complex (eq 1-3) have been
studied by using quenched stopped-flow techniques. The
acetylation of the lipoic acids occurs by two pathways, with
only one of the pathways being sufficiently rapid to be involved
in the overall catalysis. The rate of acetylation via the faster
pathway reaches a limiting value at high pyruvate concen-
trations, 0.02 M potassium phosphate (pH 7.0), and 4 °C,
which is greater than the minimum turnover number of the
complex under identical conditions. In the catalytic cycle, the
rate of deacetylation of the lipoic acids by coenzyme A is much
faster than the rate of acetylation; furthermore, pathways exist
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for the dead-end intramolecular transfer of acetyl groups from
lipoic acids to other reactive groups on the enzyme complex.

Experimental Section

Materials. The [3-'“C]pyruvate (15-25 Ci/mol) was ob-
tained as the sodium salt from Amersham and New England
Nuclear. It was dissolved in 0.02 M potassium phosphate (pH
7.0) to yield a stock solution of ~250 uCi/mL. The pyruvate
concentration of this stock solution was determined by the
lactate dehydrogenase assay (Meister, 1950). The stock so-
lution was stored at —10 °C for no more than 5 days. In some
cases the pyruvate was purified by preparative paper chro-
matography in ethanol-methanol-water (9:9:2) (Neish, 1957);
identical results were obtained with the purified and com-
mercial materials. The unlabeled pyruvate, thiamin pyro-
phosphate, coenzyme A, dithiothreitol, NAD (grade V), and
serum albumin (bovine) were purchased from Sigma Chemical
Co., and enzyme-grade ammonium sulfate was from
Schwarz/Mann. All other chemicals were the best available
commerical grades, and all solutions were prepared with
deionized, distilled water.

Pyruvate Dehydrogenase Complex. The pyruvate de-
hydrogenase complex was prepared from frozen E. coli cell
paste (Strain B, late-log harvest, Miles Laboratories) by the
method of Reed & Willms (1966). An ammonium sulfate
precipitation (22.5 g of ammonium sulfate/100 mL) was used
to separate the pyruvate dehydrogenase complex from the
a-ketoglutarate complex. If the specific activity was unusually
low, further purification was effected by an isoelectric pre-
cipitation at pH 4.9 (Reed & Willms, 1966). The enzyme was
dialyzed against 0.1 M potassium phosphate, pH 8.25, and
3 mM ethylenediaminetetraacetic acid to remove the bound
thiamin pyrophosphate (Shepherd & Hammes, 1976), followed
by dialysis against 0.02 M potassium phosphate (pH 7.0)
before use. The specific activity of the pyruvate dehydrogenase
complex as measured by the reduction of NAD* in 5 mM
pyruvate, 0.5 mM thiamin pyrophosphate, 2 mM MgCl,, 3
mM NAD*, 0.2 mM coenzyme A, 2 mM dithiothreitol, and
0.1 M potassium phosphate (pH 8.0) at 30 °C was between
33 and 38 umol of NADH formed per min per mg of protein.
The protein concentration was determined by the method of
Lowry et al. (1951) by using bovine serum albumin as a
standard with a correction factor of 0.93 and a molecular
weight of 4.76 X 10° (Angelides et al., 1979). The purity of
the enzyme also was checked by polyacrylamide gel electro-
phoresis (Shepherd & Hammes, 1977).

Steady-State Kinetics. The steady-state kinetic experiments
were done in 0.02 M potassium phosphate (pH 7.0) by using
a Cary 118 spectrophotometer and monitoring the formation
of NADH at 340 nm. The cell compartment was thermostated
at 4 °C and was purged with argon.

Acetylation Kinetics. The time course for the acetylation
of the pyruvate dehydrogenase complex by [3-'*C]pyruvate
was followed by use of a combined quenched flow (Lymn &
Taylor, 1970) and pulsed quenched flow apparatus (Fersht
& Jakes, 1975) which is described in detail elsewhere (Aki-
yama, 1980). Concentrated enzyme (~20-25 mg/mL) was
transferred to deaerated 0.02 M potassium phosphate (pH 7.0),
4 mM thiamin pyrophosphate, and 2 mM MgSO,. The [3-
1Clpyruvate was diluted with unlabeled pyruvate and dissolved
in the same buffer. The final specific activity of the [3-
14C]pyruvate ranged from 4 X 10° to 3 X 107 cpm/umol of
pyruvate. After incubation of the enzyme with thiamin py-
rophosphate for at least 10 min on ice, the enzyme and py-
ruvate solutions were loaded into the apparatus and equili-
brated at 4 °C. For each point on the time course, 0.3 mL
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each of the enzyme and pyruvate solutions was mixed. The
reaction was quenched by adding concentrated perchloric acid
to a final concentration of 10%, which precipitated the ace-
tylated enzyme. The precipitate was stored on ice for between
30 and 120 min and then collected on a Whatman GF/C filter
by using a stainless steel filter apparatus. The filter was
washed with five 4-mL aliquots of ice-cold 10% perchloric acid,
followed by two 4-mL washes with ice-cold 95% ethanol. The
filter was dried on the filter apparatus with the suction on for
S min. The filter was then placed in a scintillation vial with
10 mL of Aqueous Counting Scintillant (Amersham) for at
least 12 h before counting in a Beckman LS-255 liquid scin-
tillation counter. A background radioactivity correction was
determined by reacting the enzyme complex with [3-1*C]py-
ruvate in the absence of thiamin pyrophosphate and Mg?*,
followed by quenching and washing as described above. An
average value of 200 cpm was obtained for several samples
over a range of incubation times and was subtracted from each
point in the time course. The radioactivity of the filters during
an acetylation experiment ranged from about 1000 to 25000
cpm. When trichloroacetic acid (10% final concentration) was
used to precipitate the labeled enzyme and wash the filter,
erratic results were obtained and ~45-60% of the label was
lost from the protein.

Deacetylation Kinetics. The deacetylation reaction was
studied in 0.02 M potassium phosphate (pH 7.0) at 4 °C either
by mixing the enzyme incubated in 4 mM thiamin pyro-
phosphate and 4 mM MgSO, with 0.05 or 1.4 mM pyruvate,
0.2 mM coenzyme A, and 2 mM dithiothreitol or by acety-
lating the enzyme complex by addition of 0.64 mM labeled
pyruvate to the incubation mixture and mixing with 0.2 or 0.3
mM coenzyme A and 2 mM dithiotheitol. The mixing and
quenchings were done manually or in the quenched-flow ap-
paratus, depending upon the time span of the experiment.
Deacetylation of the prelabeled enzyme was also carried out
in the presence of 15 mM NAD™.

Data Analysis. The steady-state and acetylation kinetic data
were analyzed with a nonlinear least-squares program on a
PDP-11 computer.

Results

The turnover number of the enzyme complex and the de-
pendence of the steady-state velocity, v, on the concentrations
of NAD™" and pyruvate were determined at 4 °C in 0.02 M
potassium phosphate (pH 7.0), 4 mM thiamin pyrophosphate,
2 mM MgSOy, 0.5 mM dithiothreitol, and 0.2 mM coenzyme
A. The range of NAD® concentration was 0.074-3.28 mM,
and that of pyruvate was 0.015-7.23 mM. When the pyruvate
concentration was varied, the NAD* concentration was 3 mM,
and, when the NAD™* concentration was varied, the pyruvate
concentration was 5 mM. The enzyme concentration was
0.36-0.46 nM. The results obtained are summarized in Figure
1 as plots of the initial velocity divided by the total enzyme
concentration vs. the concentration of NAD* and pyruvate,
respectively. The data were fit to the simple Michaelis~
Menten equation

v/ [Eol = kear/(1 + Kun/[S]) (6)

were [Eq] is the total enzyme conceritration, kg, is the turnover
number, and K, is the apparent Michaelis constant of the
substrate, S. Least-squares analysis gave k., = 408 s™' and
K, =0.176 mM for NAD* and k, = 436 s and K, = 0.410
mM for pyruvate. The turnover number was independent of
the enzyme concentration over a range of 0.049-16 nM. When
the NAD* concentration is greater than 3.2 mM, inhibition
of the initial velocity is observed. This inhibition may be
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FIGURE 1: (A) A plot of the initial steady-state velocity (v) divided
by the molar concentration of the enzyme complex [Eg] vs. the initial
concentration of NAD* in 0.02 M potassium phosphate (pH 7.0),
4 mM thiamin pyrophosphate, 2 mM MgSOQ,, 0.2 mM coenzyme A,
0.5 mM dithiothreitol, and 5 mM pyruvate. The curve was calculated
by using eq 6 with k., = 408 s™' and K, = 0.176 mM. The enzyme
concentration was 0.46 nM. (B) A plot of v/[E] vs. the initial
concentration of pyruvate. The data were obtained under the same
conditions as for (A) except the pyruvate concentration was varied,
the NAD™ concentration was fixed at 3 mM, and the enzyme con-
centration was 0.36 nM. The curve was calculated by using eq 6 with
ke = 426 57! and K, = 0.410 mM.
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attributed to the binding of NAD™ at a second site or to
inhibition by NADH, a strong inhibitor of the overall reaction.
While a distinction between various inhibition mechanisms is
not possible, these results indicate that the value of k., may
be somewhat larger than 408—436 s

The time course of the acetylation of the enzyme complex
by [3-14C]pyruvate was determined over a range of pyruvate
concentrations from 0.02 to 2.1 mM in 0.02 M potassium
phosphate (pH 7.0), 4 mM thiamin pyrophosphate, and 2 mM
MgSO, at 4 °C with the quenched stopped-flow technique.
The enzyme concentration was 0.16 uM in most cases. Ina
control experiment, passage of the enzyme complex through
the quenched stopped-flow apparatus was shown to have no
effect on the catalytic activity. Some typical results are
presented in Figure 2 as plots of the logarithm of the fraction
of unreacted enzyme complex vs. time. The extent of acety-
lation at long times (2-5 min) was determined in every kinetic
experiment; at long times the number of covalently bound
acetyl groups per enzyme molecule of molecular weight 4.8
X 10® was 48.4 + 2.7 (10.1 nmol/mg enzyme complex). As
shown in Figure 2, the time course of acetylation is clearly
not a simple exponential process. Therefore, in the initial data
analysis the data were fit to the equation

y =AM+ (1 - A4)e* (7

where y is the fraction of unreacted enzyme complex, &, and
k, are rate constants, and A4, is an amplitude parameter. All
of the data were adequately described by eq 7; the rate con-
stants were dependent on the pyruvate concentration, and A,
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FIGURE 2: Plots of the fraction of enzyme not acetylated by [3-
14C]pyruvate vs. time in 0.02 M potassium phosphate (pH 7.0), 4 mM
thiamin pyrophosphate, 2 mM MgSQ,, 0.16 uM enzyme complex,
and {O) 0.13 mM pyruvate or (A) 2.1 mM pyruvate at 4 °C. The
curves are the best fits to eq 10 (—) and eq 12 (---).

was ~0.6. The maximum values of the rate constants were
approximately 30 s (k,) and 0.6 s™' (k,). The time course
of acetylation at ~1 mM pyruvate was independent of the
enzyme concentration over the range 0.069-0.27 uM.

A model for the acetylation mechanism must be assumed
to properly analyze the data since complete acetylation requires
the 24 E, molecules/complex to go through an average of two
acetylations before the enzyme is completely acetylated. Three
limiting models were considered. All involve the assumptions
that each E; molecule acetylates two lipoic acids and that the
initial binding of pyruvate and enzyme is fast relative to the
hydroxyethylation of thiamin pyrophosphate. In model 1, two
consecutive acetylation reactions occurring at equal rates were
assumed. This can be represented as

k
E,-E, — E;-Ey(A)

E\~Ey(A) — E,-E5(A.A) (®)

where A represents a bound acetyl group and k, is dependent
on the pyruvate concentration due to the necessary preequi-
libration between enzyme and pyruvate preceding acetylation
which is not shown. For this mechanism

y = e (1 + 0.5k1) 9

The data do not fit eq 9. In model 2, two sets of E; molecules
were assumed, each set acetylating two lipoic acids with dif-
ferent rate constants k; and k,. If each set of E; molecules
comprises half of the E, molecules/complex, the mechanism
can be represented by eq 8 plus an identical pair of equations
with rate constant k, rather than k;. For this mechanism

y = 0.5e*(1 + 0.5k,1) + 0.5¢**(1 + 0.5kp1) (10)

The kinetic data are described well by eq 10 as shown by the
two representative least-squares fits of the data in Figure 2.
The rate constants obtained are shown as a function of the
pyruvate concentration in Figures 3A and 4A. The uncer-
tainty in k, is estimated as £15%, while that in k; is £25%.
The rate constant k, is less precise than k, because more data
have been obtained at times when the faster process is of
primary importance. The rate constant k; is much too small
to be of significance in the catalytic process. In model 3, the
acetylation was assumed to occur by two consecutive reactions
with different rate constants.

3
E\-E; — E\-E;(A) (i

k
E—Ey(A) — E~Ej(A.A)
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For this mechanism
05
Y -k

The data also are well described by this model as shown by
the least-squares fits of the data in Figure 2. The dependence
of the rate constants on the pyruvate concentration is shown
in Figures 3B and 4B. The comments above concerning the
relative errors in the rate constants for model 2 also apply to
model 3. The data are equally well fit by models 2 and 3.
Other variations of these models would undoubtedly fit the
data, but these two classes of mechanisms typify the simplest
possibilities.

The dependence of the rate constants on the concentration
of pyruvate can be accounted for by assuming pyruvate and
the enzyme equilibrate rapidly to form a complex prior to
acetylation. This can be represented as

[(2](2 - kl)e-kll - kle_kzt] (12)

K k
E,-E, + pyruvate = E,-E,-pyruvate —
E,-E»(A) + CO, (13)

for each of the reactions in eq 8 and 11. Thus
ki = k/[1 + (K/[pyruvate])] (14)

where K = [E,-E,][pyruvate]/[{E,~E,-pyruvate]. The con-
centration dependence of k; is well described by eq 14 for
models 2 and 3. The data in Figures 3A and 4A were fit by
a weighted least-squares analysis, and the curves in the figures
represent the best fits calculated with eq 14 and k = 63.7 57!
and K = 0.477 mM for model 2 and k = 40.5s! and K =
0.474 mM for model 3. The concentration dependence of k,
also was fit to eq 14, although the scatter in the data is too
great to attach anything other than qualitative significance
to the parameters derived. The best-fit parameters are k =
1.74 sl and K = 0.119 mM for model 2 and k = 1.11 5™ and
K =0.075 mM for model 3; the curves in Figures 3B and 4B
have been calculated with these parameters and eq,14.

The rate of deacetylation of the enzyme complex with co-
enzyme A was studied in a series of experiments. If the
enzyme complex, preincubated with thiamin pyrophosphate
and MgSO, under the conditions of the acetylation experi-
ments, is mixed with 0.2 mM coenzyme A, 2 mM dithio-
threitol, and 0.05 or 1.4 mM pyruvate, the extent of acetylation
from 20 ms to 12 s is very small, a few lipoic acids per molecule
of enzyme complex. When coenzyme A is not present, ace-
tylation of the enzyme is not altered by the presence of di-
thiothreitol in the concentration range 1.6-4.4 mM. These
results indicate the rate constant for deacetylation is much
larger than the rate constant for acetylation.

If the enzyme is incubated with 4 mM thiamin pyro-
phosphate, 2 mM MgSO,, and 0.64 mM [3-“C]pyruvate in
0.02 M potassium phosphate (pH 7) at 0 °C for times longer
than ~1 min, coenzyme A cannot completely deacetylate the
enzyme complex: some fraction of the acetyl groups appears
to be irreversibly bound to the enzyme complex. In Figure
5 the number of irreversibly bound acetyl groups per molecule
of enzyme complex is shown as a function of the incubation
time before deacetylation with coenzyme A for 10 min. After
10 min, the protein was precipitated with perchloric acid for
analysis in the usual manner. No significant difference in the
results was observed when deacetylation was carried out with
0.2 mM coenzyme A and 2 mM dithiothreitol, 0.3 mM co-
enzyme A and 2 mM dithiothreitol plus 6 mM NAD™, or 0.3
mM coenzyme A and 2 mM dithiothreitol plus 6 mM NAD*,
4 mM thiamin pyrophosphate, 2 mM MgSO,, and 7 mM
unlabeled pyruvate. At sufficiently long incubation times, all
of the labeled acetyl groups become irreversibly bound to the
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mM; the line in (B) was calculated by using eq 14 with k& = 40.5 s
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3.

enzyme. However, as shown in Figure 5, the enzyme complex
retains 70% or more of its catalytic activity throughout the
time span of these experiments. If the enzyme is acetylated
with unlabeled pyruvate by incubation for 100 min under the
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FIGURE 5: A plot of the number of irreversibly acetylated groups per
enzyme complex vs. the incubation time of the enzyme complex in
0.64 mM pyruvate, 0.02 M potassium phosphate (pH 7.0), 4 mM
thiamin pyrophosphate, and 2 mM MgSO, at 0 °C. Deacetylation
of the enzyme complex was carried out for 10 min under the same
conditions in the presence of the following: (@) 0.2 mM coenzyme
A and 2 mM dithiothreitol; (©) 0.3 mM coenzyme A, 2 mM di-
thiothreitol, and 6 mM NAD™; or (a) 0.3 mM coenzyme A, 2 mM
dithiothreitol, 6 mM NAD™, 4 mM thiamin pyrophosphate, 2 mM
MgSO,, arid 7 mM pyyruvate. In each case the enzyme concentration
was 0.24 uM. The relative activity of the enzyme also is shown (O).

conditions used to obtain the data in Figure 4, addition of 0.64
mM [3-*C]pyruvate, 4 mM thiamin pyrophosphate, and 2
mM MgSO,, followed by an additional 10-min incubation,
resulted in the incorporation of up to 48 labeled acetyl groups
into the enzyme complex. In similar experiments, when the
labeled pyruvate was used in the initial incubation mixture,
more than 90 acetyl groups per molecule of enzyme complex
were found. These results indicate that the acetyl groups
originally on lipoic acids are slowly transferred to other
functional groups on the protein that are not essential for
catalytic activity.

Discussion

The steady-state kinetic data in Figure 1 indicate that simple
Michaelis—Menten kinetics are found with both NAD* and
pyruvate at 4 °C. A sigmoidal kinetic isotherm for pyruvate
at very low pyruvate concentrations has been reported at 30
and 37 °C with enzyme from K-12 E. coli (Bisswanger &
Henning, 1971); however, no significant deviations from a
hyperbolic isotherm were observed in our experiments. The
observed value of the Michaelis constant, 0.410 mM, is in
reasonable agreement with that found for the pyruvate de-
hydrogenase complex from Crooke’s E. coli [0.5] mM,
Schwartz et al. (1968)] and Azotobacter vinelandii [0.3 mM,
Bresters et al. (1975)].

The labeling of the lipoic acids in the presence of thiamin
pyrophosphate and pyruvate with maleimides (Grande et al.,
1975; Danson & Perham, 1976; Shepherd & Hammes, 1977)
and with labeled pyruvate (Speckhard et al., 1977; Bates et
al., 1977) has been well documented. The average value of
48 covalently bound acetyl groups per enzyme complex found
at long times is in agreement with earlier results (Collins &
Reed, 1977, Bates et al., 1977; Frey et al., 1978) and suggests
two lipoic acids per polypeptide chain of E, are present [cf.
Collins & Reed (1977)].

The time course of acetylation indicates two distinct rate
processes, with about half of the acetylation occurring through
each process. The kinetic data do not distinguish between each
E, being associated with fast or slow acetylation reactions
(mode! 2) or fast and slow acetylation reactions (model 3).
More complex models where all E; molecules do not partic-
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ipate in the same number of acetylation reactions have not been
tested. For both models tested, the equilibrium dissociation
constant for the binding of pyruvate to the enzyme (K) ob-
tained from the concentration dependence of & is similar to
the Michaelis constant obtained from the steady-state data
and the equilibrium constant obtained from direct binding
measurements [0.31 mM, Shepherd & Hammes (1976)]. In
terms of the mechanism depicted in eq 1-3, the dependence
of k, on the pyruvate concentration requires the rate-deter-
mining step to be the first irreversible step which probably is
the formation of the (hydroxyethyl)thiamin pyrophosphate.

The rate of acetylation of the K-12 E. coli complex at a
single pyruvate concentration (0.036 mM) has been reported
(Danson et al., 1978). The rate is similar to that found in this
work, but the multiple kinetic processes are difficult to resolve
at this pyruvate concentration. Moreover, we have found the
quenching and washing procedure used with trichloroacetic
acid to result in a significant loss of label from the protein.
The time course of acetylation of the mammalian pyruvate
dehydrogenase complex also has been reported to be biphasic
(Davis et al., 1979).

The deacetylation of the enzyme by coenzyme A is much
more rapid than the acetylation. The slow transfer of acetyl
groups from lipoic acid to dead-end products in the absence
of coenzyme A is consistent with earlier experiments (Frey
et al., 1978). The location of the dead-end sites is unknown,
but the catalytic activity is not significantly influenced by their
labeling. This process is unlikely to be of physiological im-
portance.

The limiting values of &, at high pyruvate concentrations
(63.7 and 40.5 5! for models 2 and 3, respectively) can be
compared with the turnover number per mole of enzyme
complex, 420 57!, by assuming a value for the number of sites
on the complex participating in the rate-determining step. In
the steady state a single acetylation is associated with each
turnover. Since deacetylation of lipoic acids by coenzyme A
and reoxidation of lipoic acids do not appear to be rate limiting
(this work; Angelides & Hammes, 1978), the rate-determining
step most likely occurs on E;. If all 24 E, subunits participate
in the catalytic cycle, the turnover number per catalytic site
is 17.5 s7'. This is significantly less than the limiting rate
constants for acetylation. The simplest explanation for the
discrepancy between the acetylation rate constants and the
turnover number is that only a fraction of the E, molecules
participate in catalysis. For example, if only 12 E; molecules
participate, the turnover number per E; molecule is 35 s,
Other results have suggested that not all of the acetylation
reactions are coupled into the normal catalytic process (Frey
et al., 1978; Angelides & Hammes, 1978). However, alter-
native explanations are that the turnover number may be
underestimated because of the inhibition occurring at high
concentrations of NAD™, or the rates of the initial acetylation
of the complex may be slower than those of acetylation in the
steady state. The results obtained cannot distinguish between
these mechanistic possibilities.
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Relationship of Transmembrane pH and Electrical Gradients with
Respiration and Adenosine 5’-Triphosphate Synthesis in Mitochondria’

Andrij Holian* and David F. Wilson

ABSTRACT: The mechanism of mitochondrial oxidative
phosphorylation and its regulation have been studied by using
suspensions of isolated rat liver mitochondria. Parallel mea-
surements were made of mitochondrial volume, respiration,
transmembrane pH and electrical gradients, and adenosine
¥-triphosphate (ATP), adenosine 5’-diphosphate (ADP), and
inorganic phosphate (P;) concentrations under various ex-
perimental conditions. The transmembrane electrical gradients
were calculated from the equilibrium distributions of [*H]-
triphenylmethylphosphonium (TPMP?), [*H]tribenzyl-
methylammonium (TBMA™), and K* (plus valinomycin). The
transmembrane distributions of labeled acetate, methylamine,
and 5,5-dimethyloxazolidine-2,4-dione were used for the

’I;]C obligatory parameters of any intermediate(s) (I) between
the oxidation-reduction reactions and ATP synthesis in mi-
tochondrial oxidative phosphorylation can be determined from
accurate kinetic and thermodynamic (free energy) measure-
ments. Experimental evidence has been obtained that the first
two sites of oxidative phosphorylation are in near equilibrium
(Erecinska et al., 1974; Wilson et al., 1974a,b), and the overall
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calculation of pH gradients. Evaluation of the data shows that
the respiratory rate is strictly correlated with [ATP]/
([ADP][P;]) (free energy of ATP synthesis), whereas there
is no consistent correlation between the transmembrane
electrical potential, the pH gradient, or the total “protonmotive
force™ (Auy*) and the respiratory rate. Thermodynamic
analysis indicates that, in order for the proton electrochemical
gradient to serve as an intermediate in ATP synthesis, from
three to seven H* would have to be transported per each ATP
synthesized, depending on the experimental conditions, These
results suggest that the proton electrochemical gradient may
not serve as a primary intermediate in oxidative phosphory-
lation.

rate of oxidative phosphorylation is regulated by extramito-
chondrial (Holian et al., 1977; Owen & Wilson, 1974; Wilson
et al., 1977) or cytosolic (Wilson et al., 1974a,b; Erecinska
et al.,, 1977) [ATP]}/([ADP][P;]). Therefore, intermediates
in oxidative phosphorylation must fit the required relationship
for the free energy change in the oxidation-reduction reactions
to that utilized in ATP synthesis

AGog = AG; = AGarp (1)

where AGg_g, AGy, and AG,1p are the free energy changes
associated with the oxidation-reduction reactions, the inter-
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