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The standard redox potential of acrylyl-CoA/propionyl-CoA couple (C3) was determined to
be 69 mV (vs. standard hydrogen electrode) at pH 7 and 25'C. This value implies that the
2,3-dehydrogenation of propionyl-CoA is thermodynamically much more unfavorable than
that of longer acyl-CoAs because the standard redox potentials of crotonyl-CoA/butyryl-
CoA (C4), octenoyl-CoA/octanoyl-CoA (C8), and hexadecenoyl-CoA/palmitoyl-CoA (Ci6) are
all about — lOmV. The unusually high standard redox potential of the acrylyl-CoA/
propionyl-CoA couple is thought to be one of the reasons that in mammals propionyl-CoA
is not metabolized by ^-oxidation as in the case of longer acyl-CoAs, but by a methyl-
malonyl-CoA pathway. The obvious structural difference between C3 and C4 (and longer) is
whether an H or the C(4) atom is connected to -C(3)H=C(2)H-C{l)0-S-CoA. The molecular
orbital calculations (MOPAC) for the enoyl and acyl forms of C3 and C4 revealed that this
structural feature is the main cause for the higher standard redox potential of the C3 couple.
That is, the C(4)-C(3) bond is stabilized by the dehydrogenation to a greater degree than the
H-C(3) bond.

Key words: acrylyl-CoA, acyl-CoA dehydrogenase, propionate oxidation, propionyl-CoA,
standard redox potential.

In mitochondria, straight chain fatty acids are metabolized
in their CoA thioester forms by a /5-oxidation cycle (1, 2).
An acyl-CoA with an acyl chain length of n (Cn) is converted
by ^-oxidation to an acyl-CoA with a chain length shorter
by two (Cn_2) plus acetyl-CoA (C2). One cycle of /9-oxida-
tion includes four steps. The first step is the desaturation of
the acyl-CoA to its 2-Jrans-enoyl-CoA form.

R-CH,-CH,-CO-S-CoA R-CH=CH-CO-S-CoA + 2H

This reaction is catalyzed by four kinds of acyl-CoA
dehydrogenases that differ in their specificities for sub-
strates with various chain lengths: very long-chain, long-
chain, medium-chain, and short-chain acyl-CoA dehydro-
genases (1).

Propionyl-CoA is an acyl-CoA with a chain length of
three (C3). Propionyl-CoA is formed by the f3-oxidation of
odd-numbered or methyl-branched acyl-CoAs and by the
degradation of amino acids such as valine, isoleucine,
threonine, and methionine (2). In addition, propionate is
produced by ruminal bacteria and is one of the major carbon
sources for ruminants (2). In mammals, propionate or
propionyl-CoA metabolism differs from the ^-oxidation of
longer fatty acids. The main metabolic pathway of pro-
1 To whom correspondence should be addressed.
Abbreviations: C , acyl-CoA or enoyl-CoA with n carbon atoms in the
acyl or enoyl group; CoA, coenzyme A; HOF, heat of formation.
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pionate or propionyl-CoA is the methylmalonyl-CoA path-
way to form succinate (2, 3).

Propionyl-CoA (CH3-CH2-CO-S-CoA) can be oxidized
to acrylyl-CoA (CH2=CH-CO-S-CoA) by short-chain acyl-
CoA dehydrogenase, but the reaction is much slower (0.3%)
than that involving butyryl-CoA (4). This may be a reason
for that for the most part mammals do not metabolize
propionyl-CoA by y9-oxidation.

This paper concerns the physicochemical nature of
enoyl-CoA/acyl-CoA couples. Standard redox potential is
one of the most important properties of redox chemicals.
The standard redox potential of enoyl-CoA/acyl-CoA
couples was first determined by Hauge (5) for crotonyl-
CoA/butyryl-CoA (C4) as - 1 5 m V (pH7, 30'C). More
recently, Stankovich and Soltysik (6) redetermined it as
- 1 3 mV (pH 7, 15"C). Further, Lenn et al. (7) measured
the standard redox potentials of enoyl-CoA/acyl-CoA
couples of different chain lengths: at pH 7.6 and 25"C, — 45
mV for crotonyl-CoA/butyryl-CoA (C4), - 4 1 mV for
octenoyl-CoA/octanoyl-CoA (C8), and —38 mVforhexade-
cenoyl-CoA/palmitoyl-CoA (Ci6); the corrected values for
pH7 are - 1 0 (C4), - 6 (C8), and - 3 m V (C18). These
results can be summarized as indicating that the standard
redox potentials of enoyl-CoA/acyl-CoA couples with chain
lengths from C4 to d, are all nearly the same with values
near —10 mV. Somewhat surprisingly, however, the value
for acrylyl-CoA/propionyl-CoA (C3) has not been reported
to our knowledge. In order to understand the unique
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metabolism of propionyl-CoA described above, it is impor-
tant to evaluate the redox property of the C3 couple. In this
study, we found that the standard redox potential of the Cj
couple is unusually high compared with those with longer
chain lengths. This is one of the reasons that acyl-CoA
dehydrogenase does not oxidize propionyl-CoA efficiently.
Further, we discuss the reason for this extraordinary redox
feature of the C3 couple.

MATERIALS AND METHODS

Reagents—CoA-SH was purchased from Kojin and acryl-
oyl chloride was from Aldrich. All other chemicals were
obtained from Nacalai Tesque.

Instruments—A Hitachi U-3210 spectrophotometer was
used for spectrophotometric measurements. The HPLC
system comprised an L-6200 intelligent pump (Hitachi)
and an MCPD-3600 spectro multi channel photo detector
(Otsuka Electronics). Oxidation-reduction potential was
measured with a HORIBA 6860-IOC combined platinum/
Ag-AgCl electrode connected to a HORIBA M-8s pH meter.
The electrode potential was calibrated using a solution of 6
mg/ml quinhydrone in 50 mM potassium phosphate (pH 7)
at 25'C (286 mV vs. a standard hydrogen electrode) as
described (8).

Coenzyme A Thioesters—Acrylyl-CoA was synthesized
by the acid chloride method (9). Propionyl-CoA, butyryl-
CoA, and crotonyl-CoA were synthesized by the acid
anhydride method (10), but the solvent water was replaced
by a water-tetrahydrofuran mixture (1:1 v/v) to solubilize
the anhydrides. Pentanoyl-CoA and hexanoyl-CoA were
synthesized by the mixed acid anhydride method (11). The
synthesized CoA thioesters were concentrated with a
rotary evaporator and purified by C-18 reversed-phase
HPLC with a gradient of 10 mM potassium phosphate
buffer (pH 5.3)-methanol. Purified CoA thioesters were
concentrated with an evaporator and desalted by gel
filtration through Sephadex G-10 (Amersham Pharmacia
Biotech) using water as the mobile phase. The concentrated
samples were stored frozen at — 18*C. Analytical reversed-
phase HPLC showed that the CoA thioesters prepared and
stored as above were sufficiently pure and stable for at least
several months. The concentrations were spectrophoto-
metrically determined using extinction coefficients £2<so =
16.4 mM"' icm"' for acyl-CoAs (propionyl-, butyryl-,
pentanoyl-, and hexanoyl-CoAs) and £29o

 = 22.6mM"1 '
cm"1 for enoyl-CoAs (acrylyl-, crotonyl-, pentenoyl-, and
hexenoyl-CoAs) (10).

Butyryl-CoA Dehydrogenase—The anaerobic bacterium
Megasphaera elsdenii (JCM 1772) was obtained from the
Japan Collection of Microorganisms (the Institute of
Physical and Chemical Research, Saitama). The bacteria
were grown and the green form of butyryl-CoA dehydro-
genase (CoA persulfide-binding form Ref. 12) was isolated
as described previously (13). This preparation contains a
significant level of crotonase contamination (14) that was
removed by hydrophobic chromatography as reported (15)
with the following modification. The green butyryl-CoA
dehydrogenase solution in 0.1 M potassium phosphate
buffer, pH 6, was taken to 50% saturation with ammonium
sulfate and applied to an octyl-Sepharose 4B (Amersham
Pharmacia Biotech) column (1.4 X 22 cm) equilibrated with
the same buffer. The tightly adsorbed enzyme at the top of

the column was eluted by a linear gradient formed from 200
ml equilibration buffer and 200 ml of 0.1 M potassium
phosphate buffer, pH 6. Fractions of 10-ml were collected
and assayed for crotonase activity as reported (15). A sharp
peak of crotonase activity was observed after the peak of
green butyryl-CoA dehydrogenase. The purified dehydro-
genase was stored as a suspension in 75% ammonium
sulfate at 4*C. The CoA-free dehydrogenase was prepared
by the reported method (16, 17) and stored frozen ( - 18'C)
in 50 mM potassium phosphate buffer, pH 6, containing
20% v/v glycerol. The concentration of the CoA-free
butyryl-CoA dehydrogenase was determined spectro-
photometrically using an extinction coefficient of £450 = 14.4
mM-'-cm"' (18).

Anaerobic Experiments—Highly purified argon gas (O2

content less than 0.2 ppm) purchased from Nippon Sanso
was supplied by a low-leakage-type pressure regulator
through stainless steel tubing (1/8 inch diameter). A
glassware bubbler containing 20 ml water was inserted in
the gas line to moisten the gas. A glass tube (5 cm length
and 8 mm diameter), the end of which was processed in the
shape of the syringe fitting (male), was connected to the end
of the stainless tubing. For metal-to-metal joints, a com-
pression-type fitting was used. For metal-to-glass joints, a
similar fitting but with an internal silicone O-ring to seal the
glass-metal interface, was used.

For anaerobic spectrophotometry, a 50-//1 microcell
(1-cm light path, 12.5 X 12.5 x50-mm outer size) with a
screw cap with a silicone septum on the top was used. Two
syringe needles with syringe fittings (female) were made to
pierce the silicone septum. One of the syringe needles,
made wholly of metal, was fitted to the syringe-fitting-
shaped glass end of the gas line. The other syringe needle
was the gas outlet and was also the path through which
reagents were added using a Hamilton gas-tight microsy-
ringe. Anaerobiosis was achieved by passing a stream of Ar
gas at a constant 10 ml/min through the inner space of the
cell. The sample solution (about 100^1) in the cell was
agitated by tapping the cell every 5 min to facilitate
deoxygenation. Satisfactory anaerobiosis was achieved
after 30-60 min, as judged from the deoxygenation of a
solution of flavin adenine dinucleotide followed by spectro-
photometric titration with sodium dithionite (19, 20).

Anaerobiosis of titrants and reaction mixtures that did
not require spectrophotometric measurements was
achieved in a glass microvial (capacity 0.3 ml) with a screw
cap containing a silicone septum through which two syringe
needles were inserted.

Measurement of Standard Redox Potential of Acrylyl-
CoA /Propionyl-CoA Couples Using a Redox Indicator
Dye—The relationship between the redox potential and the
absorbance of phenazine ethosulfate was determined using
an anaerobic spectrophotometric cell equipped with an
oxidation-reduction potential electrode similar to that
illustrated previously [Fig. 2 in Cammack's article (8) or
Fig. 4A in Dutton's paper (22)]. This cell allows the
simultaneous measurement of redox potential and absor-
bance. [However, it has the disadvantage of requiring a
large volume of sample (7 ml). For this reason we did not
measure the redox potential of the solution of acrylyl-CoA
and propionyl-CoA directly.] A 7-ml solution of 20 /JM
phenazine ethosulfate and 1 fiM butyryl-CoA dehydrogen-
ase in 50 mM potassium phosphate buffer (pH 7) at 25*C
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was deoxygenated under a stream of Ar gas in the cell. Then
the dye was reductively titrated with 30 mM butyryl-CoA.
The redox potential and the absorbance at 387 nm both
became constant within 15 min after each addition of
butyryl-CoA; each pair of values was plotted on a graph
(inset of Fig. 1, open circles). After the phenazine ethosul-
fate was almost completely reduced, the dye was gradually
reoxidized by introducing air into the cell, and pairs of
values (absorbance and redox potential) at several time
points were plotted (inset of Fig. 1, closed circles). The
absorbance is represented in the ordinate of the inset of Fig.
1 as the relative value compared to the initial absorbance
(0.47) before reduction.

To measure the redox potential of a solution of acrylyl-
CoA and propionyl-CoA at a given concentration ratio, it is
necessary to equilibrate the acrylyl-CoA/propionyl-CoA
with phenazine ethosulfate. The reaction between phen-
azine ethosulfate and the acrylyl-CoA/propionyl-CoA cou-
ple is very slow even in the presence of butyryl-CoA
dehydrogenase. In order to reduce the time needed to reach
equilibrium, the dye was partially reduced with butyryl-
CoA in the presence of butyryl-CoA dehydrogenase before
the addition of acrylyl-CoA/propionyl-CoA so that the
redox state of the dye was near the equilibrium of acrylyl-
CoA/propionyl-CoA. The detailed procedure is as follows.

A 100-//1 solution of 20 //M phenazine ethosulfate and 1
/xM butyryl-CoA dehydrogenase in 50 mM potassium
phosphate buffer (pH 7) was deoxygenated in the anaerobic
50 ^1-microcell. Then a small volume (less than 4 //I) of an
anaerobic solution of 500//M butyryl-CoA was added to
partially reduce the dye. The absorbance at 387 nm de-
creased gradually. After the absorbance reached a constant
value (10-30 min), an anaerobic solution (2 fi\) of a mixture
of acrylyl-CoA and propionyl-CoA (total 10 mM) was
added to give a final total concentration of 200//M. The
absorbance at 387 nm was monitored continuously. If the
absorbance did not reach a constant value within 60 min,
the reaction was attempted again using a different amount
of butyryl-CoA. The redox potential at equilibrium was
determined from the absorbance (corrected for dilution and
divided by the initial absorbance before the addition of
butyryl-CoA) using the absorbance-redox potential rela-
tionship (inset of Fig. 1).

Reaction of Acrylyl-CoA and Butyryl-CoA—A solution
(200 /<1) of acrylyl-CoA and butyryl-CoA (both about 100
/iM.) in 50 mM potassium phosphate buffer (pH 7) was
deoxygenated in a glass microvial. The reaction was started
by adding deoxygenated butyryl-CoA dehydrogenase (2
ftlx 100 //M) to a final concentration of 1 //M. At various
times, 20-//1 aliquots of the reaction mixture were with-
drawn and mixed anaerobically with 20 mg solid guanidine
hydrochloride to stop the reaction. The protein was re-
moved by ultrafiltration through a Microcon-10 membrane
(Amicon), and 20//I of the filtrate was subjected to C-18
reversed-phase HPLC analysis using a Cosmosil 5Cm-MS
column (1X 25 cm, Nacalai Tesque) with a linearly increas-
ing methanol gradient from 10 mM potassium phosphate
buffer, pH 5.3.

MOPAC Calculation—The semi-empirical molecular
orbital calculation was carried out using WinMOPAC
version 1.0 (Fujitsu) running on Microsoft Windows 95.
The keyword line of the MOPAC input file was written as
"PM3 ENPAKT," which provides calculation by the PM3

method and the output of the energy partition.

RESULTS

In this study, we used butyryl-CoA dehydrogenase isolated
from the anaerobic bacterium Megasphaera elsdenii. This
enzyme is similar to the mammalian short-chain acyl-CoA
dehydrogenase in many of its properties and has the
advantage of being prepared easily in large scale. Butyryl-
CoA dehydrogenase is named for its best substrate, butyr-
yl-CoA, but it also dehydrogenates other short-chain acyl-
CoAs including propionyl-CoA (18).

The standard redox potential of the aery lyl- Co A/pro -
pionyl-CoA (C3) couple was determined using phenazine
ethosulfate [ £ " = 55mV (22)] as a redox indicator. The
reaction between phenazine ethosulfate and a mixture of
aery lyl-Co A and propionyl-CoA at a given concentration
ratio was coupled by butyryl-CoA dehydrogenase. The
redox potential at the equilibrium was determined from the
absorbance of phenazine ethosulfate at 387 nm using the
absorbance-redox potential relationship determined in
advance (inset of Fig. 1). In these experiments, the absor-
bance at 387 nm includes some contribution of butyryl-CoA
dehydrogenase, which shows absorbance at 387 nm due to
its tightly bound coenzyme, flavin adenine dinucleotide.
However, the contribution of the enzyme absorption causes
little error in determining the redox potential for the
following reasons, (i) The concentrations of phenazine
ethosulfate and butyryl-CoA dehydrogenase used in all
experiments were constant (20 and 1//M, respectively),
(ii) The absorbance at 387 nm of 1//M butyryl-CoA
dehydrogenase can vary by at most 0.01 depending on the
redox potential and ligand binding (6, 17). This may cause
an error in the determination of the redox potential, but the
error would be very small; a difference in absorbance of
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Fig. 1. Nernst plot for the acrylyl-CoA/propionyl-CoA cou-
ple. A mixture of acrylyl-CoA and propionyl-CoA (total 200 //M) of
given concentration ratio was anaerobically equilibrated with 20 fiM
phenazine ethosulfate in the presence of 1 //M butyryl-CoA de-
hydrogenase in 50 mM potassium phosphate buffer (pH 7) at 25'C.
The inset shows the relationship between the redox potential and the
absorbance at 387 nm of phenazine ethosulfate. See "MATERIALS
AND METHODS" for details.
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Fig. 2. Reaction between butyr-
yl-CoA and acrylyl-CoA in the
presence of bntyryl-CoA dehy-
drogenase. Acrylyl-CoA (120
MM) and butyryl-CoA (100//M)
were anaerobically incubated in
the presence of butyryl-CoA dehy-
drogenase (1 pM) at 25'C in 50
mM potassium phosphate buffer,
pH 7. Panel A shows the C , HPLC
chromatogram of the reaction
mixture treated with guanidine
hydrochloride at the indicated
times after the start of the reac-
tion. The peaks were assigned by
comparing the peak positions with
those of authentic CoA thioesters.
The bar at the top right indicates
the absorbance scale. Panel B
shows the time course of the reac-
tion. The relative concentrations of the four CoA thioesters at each time were
determined by (peak area of absorbance at 260 nm)/£,M. Panel C shows the time
course of the value indicated on the ordinate.

0.01, which corresponds to a relative absorbance (ordinate
of the inset of Fig. 1) of 0.022, causes a difference in redox
potential of less than 1.4 mV according to the absorbance-
redox potential relationship shown in the inset of Fig. 1.
Figure 1 (main panel) is the Nernst plot for the acrylyl-
CoA/propionyl-CoA couple. The standard redox potential
was determined to be 69 mV by fitting the data to the
Nernst equation,
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where E' is the redox potential of the redox system, E\' the
standard redox potential of the acrylyl-CoA/propionyl-
CoA couple, R the gas constant, T the absolute tempera-
ture, and F the Faraday constant. The brackets represent
molar concentrations. The numeral 2 in the denominator is
the number of electrons participating in the reaction.

The standard redox potential of 69 mV for the C3 couple
determined as above is much higher than that of the C4

couple (about —10 mV, see the "Introduction"). To confirm
the large difference in the standard redox potential between
the C3 and C4 couples, the reaction

acrylyl-CoA+butyryl-CoA ;==;
propionyl-CoA-f crotonyl-CoA (1)

was carried out in the presence of butyryl-CoA dehy-
drogenase. At the equilibrium of reaction 1, the redox
potentials of the C4 and C3 couples are the same so that

„ , flT , [acrylyl-CoA]
IF In [propionyl-CoA]

_ „ , , -RT , [crotonyl-CoA]
-*" +~2F~ " [butyryl-CoA] •

where E\' is the standard redox potential of the C4 couple.
This equation becomes,

v v - RT i_ [crotonyl-CoA] [propionyl-CoA]
j t" A< ~ 2F m [butyryl-CoAj Lacrylyl-CoA] •

(2)
which relates the difference in the standard redox potential
between C3 and C4 to the proportions of CoA thioester
concentrations at equilibrium.

Time /

The anaerobic reaction of aerylyl-CoA and butyryl-CoA
in the presence of butyryl-CoA dehydrogenase was fol-
lowed by C-18 reverse-phase chromatography as shown in
Fig. 2A. Figure 2B shows the time course of the reaction.
The rightward reaction in Eq. 1 proceeds almost complete-
ly, indicating that the C3 couple thennodynamically favors
the reduced form (acyl-CoA) much more than the C4

couple, that is, the standard redox potential of the C3 couple
is much higher than that of the C4 couple. Figure 2C shows
the time course of the value of the right side of Eq. 2, which
should coincide at equilibrium with the difference in the
standard redox potentials (FA,' — E"4'). The data in Fig. 2C
show that the standard redox potential of the C3 couple is
higher by about 80 mV than that of the C4 couple (EV - E\'
^80 mV). This result is in good agreement with the above
result, F / = 69mV, and the reported result, E\"^-10
mV.

The standard redox potentials were also compared
among C4, CB, and C8 couples by a similar method as above.
The reaction among crotonyl-CoA, pentanoyl-CoA, and
hexanoyl-CoA in the presence of butyryl-CoA dehydrogen-
ase was carried out. At equilibrium, the following equations
hold.

El'-E\' =

RT
Z~2T

RT .

[crotonyl-CoA] [pentanoyl-CoA]
[butyryl-CoA] [pentenoyl-CoA]

[crotonyl-CoA] [hexanoyl-CoA]
[butyryl-CoA] [hexenoyl-CoA]

(3)

(4)
where El' and El' are the standard redox potentials of the
C6 and C6 couples. Figure 3 shows the time course of the
values of the right side of Eqs. 3 and 4. The values at
equilibrium are almost zero within the range of error (El' —
£",' = 3mV and El'-E",'= - 3 m V ) . Thus the standard
redox potentials are almost constant among the C4, C6, and
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Fig. 3. Equilibration among the redox couples, crotonyl-CoA/
butyryl-CoA, pentenoyl-CoA/pentanoyl-CoA, and hexenoyl-
CoA/hexanoyl-CoA. Crotonyl-CoA (100 pM), pentanoyl-CoA (100
MM), and hexanoyl-CoA (100 ^M) were anaerobically incubated in
the presence of butyryl-CoA dehydrogenase (1 fiM) in 50 mM
potassium phosphate buffer, pH 7, at 25*C. The concentrations of the
reactants (the three CoA thioesters described above) and products
(butyryl-CoA, pentenoyl-CoA, and hexenoyl-CoA) were determined
at several times by C,, HPLC. The figure shows the values calculated
from the concentrations of thioesters as indicated, where A is
[pentanoyl-CoA]/[pentenoyl-CoA] (O) or [hexanoyl-CoA]/[hex-
enoyl-CoA] (•).

C6 couples.
It has been reported that butyryl-CoA dehydrogenase

has an intrinsic enoyl-CoA hydratase activity (6, 14).
However, the hydratase activity is very weak so that the
hydration of enoyl-CoAs is negligible at low enzyme con-
centrations (6). In addition, the presence of acyl-CoAs
inhibits the enoyl-CoA hydratase activity of butyryl-CoA
dehydrogenase (6), probably due to occupation of the active
site by acyl-CoAs. In fact, no significant amounts of
hydration products (3-hydroxyacyl-CoAs) were detected
on the C18 chromatogram in the above experiments,
supporting the notion that the intrinsic hydratase activity
of butyryl-CoA dehydrogenase does not affect the above
results.

Figure 4 summarizes the present results together with
the previously reported standard redox potentials for
couples of various chain lengths. The results show that the
standard redox potential of the C3 couple is distinctively
higher than those of the others.

DISCUSSION

Physiology—Mammalian short-chain acyl-CoA dehy-
drogenases show optimal activity with butyryl-CoA (C4) or
pentanoyl-CoA (C6), and less activity with shorter or longer
acyl-CoAs. The mechanism for the dependence of activity
on chain length has been one of the main subjects of
biochemical research on /J-oxidation systems. The relative
activities of short-chain acyl-CoA dehydrogenases have
been reported as Cj:C4:C5:C6:C7:C8 = 0.3:100:135:57:
10:4 (Vmnx; ox liver enzyme) by Shaw and Engel (4) andC3:
C4:C6:C,:C8 = 0:100:91:13:0 (fixed substrate concentra-
tion; rat liver enzyme) by Ikeda et al. (23). Butyryl-CoA
dehydrogenase from Megasphaera elsdenii also shows
similar substrate specificities: C3:C<:C5:C6:C7 = 0.5:100:
45:4:0 (VmBX) (18). These data show a gradual decrease in
activity upon elongation of the acyl chain from the optimum

>
E

o
a.
o
•a
CC

100

3 4 5 6 8
Chain Length

16

Fig. 4. Dependence of the standard redox potential of the
enoyl-CoA/acyl-CoA couple on chain length. The open circles
show the data of Lenn et al. (7), the triangle shows that of Stankovich
and Soltysik (6), and the square shows that of Hauge (5). The closed
circles are the present results. The value for C, was determined from
Fig. 1. The values for C, and C« were determined from Fig. 3 and the
value for C, shown by the open circle.

chain length (C4 or CB), but there is a large breakdown upon
shortening the acyl chain length from C4 to C3. One
reasonable and acceptable explanation for the dependence
of the activity on chain length is that the interaction
between the substrate and the enzyme, or the configuration
of the substrate at the active site of the enzyme, is changed
by the steric effect of the alkyl chain. However, the drastic
difference in activity between C3 and C4 does not seem to be
ascribed only to the steric factor. In this paper, we demon-
strate that the standard redox potential of the acrylyl-CoA/
propionyl-CoA couple (C,) is 69 mV, which is unusually
higher than for enoyl-CoA/acyl-CoA couples with longer
chains (about —10 mV). That is, the oxidation of propionyl-
CoA is thermodynamically more unfavorable than the
oxidations of longer acyl-CoAs. This fact can explain the
extremely low activity of acyl-CoA dehydrogenases toward
propionyl-CoA.

Propionyl-CoA dehydrogenase activity has been de-
scribed in many microorganisms such as Salmonella typhi-
murium (24, 25), Escherichia coli (26, 27), Prototheca
zopfii (28), and Moraxella Iwoffl. (29, 30). For these
organisms, however, the dehydrogenase activity was de-
monstrated only in cell-free extracts. That is, propionyl-
CoA dehydrogenases from these organisms have neither
been isolated nor characterized at the molecular level.
From the data presented in papers of studies using cell-free
extracts, the propionyl-CoA dehydrogenase activity in the
extract can be estimated to be 3.8 nmol/min/mg protein
for Salmonella typhimurium (24) and 2.5 nmol/min/mg
protein for Prototheca zopfii (28). On the other hand,
purified mammalian short-chain acyl-CoA dehydrogenases
show a propionyl-CoA dehydrogenase activity of 45 nmol/
min/mg enzyme (31), while purified Megasphaera elsdenii
butyryl-CoA dehydrogenase shows an activity of 40 nmol/
min/mg enzyme (18). A comparison of these values leads
to the conclusion that if the content of propionyl-CoA
dehydrogenase in Salmonella typhimurium or Prototheca
zopfii is about 5% of the total protein in the extract, then the
activity of pure propionyl-CoA dehydrogenase is at the
same level as that of mammalian short-chain acyl-CoA
dehydrogenases and Megasphaera elsdenii butyryl-CoA
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dehydrogenase. However, because it is unlikely that a
single enzyme accounts for 5% or more of the total protein,
the activity of propionyl-CoA dehydrogenase is probably
much higher than that of the mammalian and Megasphaera
elsdenii dehydrogenases. It is desirable to investigate the
molecular properties of purified propionyl-CoA dehydro-
genases from propionate-oxidizing organisms: propionyl-
CoA dehydrogenase may have a special mechanism to
oxidize the substrate with a high standard redox potential.

In mammals, the reducing equivalents extracted from
acyl-CoAs by acyl-CoA dehydrogenases are received by
ubiquinone via two flavoproteins, electron-transferring
flavoprotein and electron-transferring flavoprotein-ubiqui-
none oxidoreductase (32). Although a definitive value for
the standard redox potential of ubiquinone in an aqueous
environment has not been obtained, it has been estimated
to be 70-110 mV (22, 33). The acrylyl-CoA/propionyl-
CoA couple (69 mV) is very near to ubiquinone in its
standard redox potential relative to longer enoyl-CoA/
acyl-CoA couples (about — lOmV). This indicates the
disadvantage of the oxidation of propionyl-CoA to acrylyl-
CoA. Mammals metabolize propionyl-CoA mainly through
the methylmalonyl-CoA pathway rather than /5-oxidation.
Succinate formed via the methylmalonyl-CoA pathway is
then oxidized to fumarate and the extracted reducing
equivalents are transferred to ubiquinone by succinate
dehydrogenase. The standard redox potential of the fuma-
rate/succinate couple is 31 mV (22), lower than that of the
acrylyl-CoA/propionyl-CoA couple by about 40 mV, and
consequently the oxidation of succinate to fumarate is
thermodynamically more favorable than that of propionyl-
CoA to acrylyl-CoA. At least in this point, the methyl-
malonyl-CoA pathway is more advantageous than the
direct oxidation of propionyl-CoA to acrylyl-CoA.

Chemistry—To elucidate the physicochemical reason for
the extraordinary standard redox potential of the C3

couple, we used a semiempirical molecular orbital method
(MOPAC). First, the reliability of the MOPAC calculation
was examined. The dehydrogenation of alkane to alkene,

alkane > alkene + H2,

is a simple model reaction for the dehydrogenation of acyl-
CoA to enoyl-CoA. The AH (enthalpy change) of dehydro-
genation can be obtained as the difference in the heat of
formation (HOF) calculated by MOPAC (HOFa ,kene-
HOFB|kone)- The following are lists of (name of alkene), (AH
calculated by MOPAC) — (experimentally measured AH
from literature (34)) = (difference between them) in kJ«
mol"1: acetylene, 145 .6 -137 .3=+8 .3 ; propylene,
125 .7-126 .0=-0 .3 ; 1-butene, 129.1-126.9=+2.2; 1-
pentene, 129.1-126.0=+3.1; 1-heptene, 129.1-126.0 =
+ 3.1; frans-2-butene, 108 .5 -115 .6=-7 .1 ; trans-2-pen-
tene, 109 .1-115 .6=-6 .5 . The MOPAC-calculated and
measured values are in good agreement with each other.
However, it should be noted that there may be differences
between the calculated and measured values of up to ± 10
kJ'mol"1. Although the energy values that appear in the
following discussion may contain small errors, the essence
of the discussion is valid.

Figure 5 (upper) shows the MOPAC-calculated values of
HOF of the acyl and enoyl forms of ethyl thioester. The
CoA-S- moiety of the CoA-thioester was replaced by
ethyl-S- for simplicity. The standard redox potential of a

3 4 5 6 7 8
Chain Length

Fig. 5. Calculated heat of formation (HOF) of acyl and enoyl
forms of ethyl thioesters of different chain lengths. Calculations
were performed using a molecular orbital method (MOPAC). The
lower panel shows the difference in HOF between the enoyl and acyl
forms.

dehydrogenation system,
Acyl * Enoyl+H2,

is represented as

+ C, (5)

where AG°, AH", and AS' are the standard Gibbs energy,
standard enthalpy, and standard entropy of the dehy-
drogenation. C is a constant that depends on the experi-
mental conditions, including pH, temperature, reference
electrode, and so on. The standard enthalpy of dehy-
drogenation (AH') can be calculated by HOFenOyi — HOFacyi
as described above, and the values are shown in Fig. 5
(lower). The AH' value for the C3 couple is distinctly high
while those for the C4-C8 couples are almost the same. This
profile is consistent with the fact that the standard redox
potential of the C3 couple is extraordinarily higher than
those of longer couples. The difference (23kJ-mol~') in
AH' between the C3 and longer couples corresponds to the
difference in the standard redox potential of 120 mV
according to Eq. 5. That is, the actual difference in the
standard redox potential (about 80 mV) between the C3

couple and longer couples can be roughly explained by the
enthalpy term.

The plots for the acyl forms in Fig. 5 are almost linear,
that is, the increment in HOF by one methylene truncation
is constant from C8 to C3. Similarly, the plots for the enoyl
forms are also linear with the same slope as the acyl forms,
except the value for C3. The exceptionally high energy of
the C3-enoyl can be rationalized as follows. Upon ordinary
one methylene truncation (H-CH2-CH2—»H-CHj- + CH2),
one Cipj-C,pj bond is eliminated. On the other hand, the one
methylene truncation from C4- enoyl to C3-enoyl (H-CH2-
CH—-H-CH= + CH2) results in the elimination of one H-
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Cpi and one C,pj-C,pi bond and the creation of one H-Cspi
bond. This structural contrast must cause the energy
change difference upon one methylene truncation because
the bond energies differ between H-C8pi and H-C^i and
between Cjpj-Cjpj and Cspi-C8p». A detailed energetic
discussion is provided below.

The total energy (sum of the electronic energy and the
inter-nucleic repulsion energy) calculated by MOP AC can
be separated into a one-center energy for each atom and
two-center energy for each pair of atoms (35). The two-
center energy for a pair of atoms that form a direct bond
with one another can be interpreted as corresponding to the
bond energy, that is, a lower two-center energy represents
a stabler or stronger bond between the pair of atoms. Figure
6 (upper two) shows the change in the two-center energies
upon conversion from acyl to enoyl for C3 and C4. In both C3

and C4, the maximum change occurs at C(2)-C(3). [The
numbering of the carbon atoms is as —C(3)H=C(2)H-
C(1)O-S-C2H6.] This is quite reasonable because the
bonding between C(2) and C(3) changes from a single bond
to a double bond, which should result in a very large change
in bond energy. It is also shown that the two-center energies
in which the C(2) and C(3) atoms participate are all
lowered. This phenomenon can be ascribed to the change in
the orbital hybridization of the C(2) and C(3) atoms from
sp3 to sp2 upon the conversion from acyl to enoyl. It is
known that an sp2 hybridized orbital of a carbon atom

c3

c4

C3 C4

Fig. 6. Changes in the two-center energies upon the conversion
from acyl to enoyl. The two-center energies were obtained by
MOPAC calculation with the keyword ENPART. The label-free edges
of line segments in the schemes represent carbon atoms. The values
in the upper two schemes show the changes in the two-center energies
upon the conversion from acyl to enoyl. Units are kJ-mol"1. The
lowest scheme shows the difference values between the upper
schemes.

makes a stronger o*-bond than an sp' hybridized orbital
because the larger contribution of the 2s orbital results in
more expansion of the hybridized orbital and a larger
overlap with the orbital of the partner atom (36). The
degree by which the two-center energy is lowered depends
on the partner atom: 28-57 kJ-mol"1 for hydrogen, 78 kJ«
mol"1 for the carbon of the sp3 orbital (C(4) of C4), and 103-
124kJ-mol-1 for the carbon of the sp2 orbital (C(2)),
according to the calculated values shown in Fig. 6. The
lowest scheme in Fig. 6 shows the difference in the values
between the upper two schemes. The most essential
difference between C3 and C4 is shown by the parenthesized
value, which is caused by the difference in the atom that is
connected to the C(3) atom. In other words, the energy for
the C(3)-H bond changes by — 32kJ-mol~' upon conver-
sion from the C3-acyl to C3-enoyl, while the energy for the
C(3)-C(4) bond changes by —78 kJ-mol"1 upon conversion
from the C4-acyl to C4-enoyl. The difference between these
changes ( + 46 kJ-mol"1) contributes largely to the differ-
ence in AH' between C3 and C4 (23 kJ-mol"1); the resid-
ual — 23kJ-mol"' is due to the sum of the other minor
differences in the one-center and two-center energy
changes. A scheme for one-center energies similar to Fig. 6
was also drawn (not shown). The values for the C3-C4

one-center energies (corresponding to the lowest scheme in
Fig. 6) were all too small (absolute values less than 14 kJ«
mol"1) to be essential elements of the difference in AH'
between C3 and C4.

Other large values in the lowest scheme in Fig. 6 appear
at C(l)-C(2) ( + 21kJ-mol-1) and C(2)-C(3) ( - 1 9 kJ-
mol"1). This tendency is consistent with the organic chem-
istry concept of hyperconjugation: in the C4-enoyl, there is
some contribution of the resonance structure, H3C

+=CH-
CH=(C-O~)-S-. Anyway, the two values are complemen-
tary to each other so that together they have little effect.
The one-center and two-center energies were also compar-
ed between C4 and C6. There were no significantly large
values for C4—C6 in either the one-center or two-center
energies (absolute values less than 7 kJ-mol"1), supporting
the proposal that there are no large structural differences
between the C4 and C6 couple.

In conclusion, the extraordinarily higher standard redox
potential of the C3 couple compared with longer couples can
be ascribed to the structure: the hydrogen atom is con-
nected to the C(3) atom in the C3 couple while the carbon
atom is connected to the C(3) atom in C4 and longer couples.
The two-center energy of H-C(3) bonding is lowered by the
acyl to enoyl conversion to a lesser extent than that of C(4)-
C(3) bonding, and consequently the reduction of the C3

couple is less favorable than the reduction of longer couples.
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