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Oct-2-yn-4-enoyl-CoA was found to be a multifunctional irreversible enzyme inhibitor in fatty acid oxidation mainly targeting mitochondrial
trifunctional protein #-subunit. It can also inactivate enoyl-CoA hydratase 2 and medium-chain acyl-CoA dehydrogenase. This study increased
our understanding for the effect of acetylenic acids on fatty acid oxidation.

Fatty acid oxidation in mitochondria is an essential energy
generation system for cells (Figure 1). Mitochondrial tri-
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Figure 1. 3-Oxidation of fatty acyl-CoA: R, aliphatic carbon chain;
ACD, acyl-CoA dehydrogenase; ECH, enoyl-CoA hydratase; HAD,
3-hydroxyacyl-CoA dehydrogenase.
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functional protein (MTP) catalyzes three consecutive step
reactions in the S-oxidation of long-chain fatty acids and
plays important roles in control and regulation of 3-oxida-
tion.> It is a membrane-bound multienzyme complex com-
posed of a-subunits and B-subunits.? The o-subunit catalyzes
two consecutive steps in the oxidation of long-chain fatty
acids, namely hydration of enoyl-CoA and dehydrogenation
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of 3-hydroxyacyl-CoA, while the -subunit has long-chain
3-ketoacyl-CoA thiolase activity. The partial fatty acid
oxidation (pFOX) inhibition through inactivation of the
[-subunit has been reported as a therapy for chronic stable
angina.®

Acetylenic acids are widespread in nature and are found
in many organisms.* Over 600 naturally occurring acetylenic
compounds are known, and some of them exhibit diverse
bioactivities. In our screening of acetylenic acids for enzyme
inhibitors in fatty acid oxidation, we found that oct-2-yn-4-
enoyl-CoA was a strong irreversible inhibitor of the MTP
p-subunit. The effect of oct-2-yn-4-enoyl-CoA on the
catalytic activity of the MTP /5 subunit was investigated
through the incubation of the MTP S subunit with 5 molar
equiv of oct-2-yn-4-enoyl-CoA at room temperature. Time-
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dependent loss of the thiolase activity was noted during the
incubation as shown in Figure 2. Since the activity of the
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Figure 2. Inhibition of rat MTP fS-subunit by oct-2-yn-4-enoyl-
CoA. The MTP f-subunit (5.0 uM) was incubated with oct-2-yn-
4-enoyl-CoA (A, 0 uM; @, 25 uM) at 25 °C at different times.

inactivated enzyme remained unchanged after prolonged
dialysis, the inactivation is clearly irreversible and most likely
involves covalent linkage of oct-2-yn-4-enoyl-CoA with an
amino acid residue in the active site of the MTP § subunit.
The competence of oct-2-yn-4-enoyl-CoA to inactivate the
MTP S-subunit was further studied using kinetic analysis.
The K, and Kinaet Of oct-2-yn-4-enoyl-CoA were determined
to be 16 + 2 uM and 1.05 4 0.07 min~1, respectively. For
comparison, our study demonstrates that a widely used
antianginal agent trimetazidine shifts cardiac energy me-
tabolism from fatty acid oxidation to glucose oxidation by
inhibiting the MTP S-subunit irreversiblly, which shows K|
and Kinaet Of 16.7 £ 1.2 uM and 0.60 £+ 0.01 min™1,
respectively. This result indicates oct-2-yn-4-enoyl-CoA (or
oct-2-yn-4-enoic acid for in vivo study) is a better inhibitor
for the MTP f-subunit than trimetazidine, and its corre-
sponding acid or ester could become a lead compound for
further development for antianginal agent.

In another experiment, the MTP -subunit was inactivated
with oct-2-yn-4-enoyl-CoA, and the incubation mixture was
digested with pepsin. The resulting peptide mixture was
separated with a HPLC reversed-phase column, and the
eluent was monitored with a UV detector at both 220 and
260 nm wavelength. While nonlabeled peptide fragments
only show peaks at 220 nm wavelength, the inhibitor-labeled
peptide fragment shows a peak at both 220 and 260 nm
wavelengths because the inhibitor contains coenzyme A. The
labeled peptide was isolated, purified, and analyzed with MS/
MS as shown in Figure 3. Oct-2-yn-4-enoyl-CoA degrades
into a 381 Da fragment that was still attached to the peptide,
as shown in Figure 3. The degradation pattern of oct-2-yn-
4-enoyl-CoA is same as that for the degradation of (meth-
ylenecyclopropyl)formyl-CoA.> The result indicated that the
catalytic residue Cys425 was covalently labeled by the
inhibitor. This result clearly demonstrated that oct-2-yn-4-
enoyl-CoA is an irreversible inhibitor of the MTP S-subunit.

In order to further understand the effect of oct-2-yn-4-
enoyl-CoA on fatty acid oxidation, we carried out incubation
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Figure 3. MS/MS spectrum analysis of a 1865 Da peptide showing
covalent modification of rat MTP f-subunit peptide (422 VAA-
CAAGGQGHAMIVE 437) by oct-2-yn-4-enoyl-CoA. Molecular
mass of peptide fragments: M1 =V + A + A (242 Da); M2 =
M1 + C + inhibitor (726 Da); M3 = M2 + A + A (868 Da); M4
=M3+ G+ G+ Q (1110 Da); M5 =M4 + G + H + A (1375
Da); M6 = M5 + M + | (1619 Da); M7 = M6 + V + E + H,0
(1865 Da).

of the compound with other enzymes in both mitochondrial
and peroxisomal fatty acid oxidation. Then oct-2-yn-4-enoyl-
CoA was also found to be an irreversible inhibitor of
mammalian multifunctional protein-2 (MFP-2, also called
multifunctional enzyme 2, D-bifunctional enzyme, or 17-3-
estradiol dehydrogenase type V) for its hydratase activity.
The MFP-2 plays a central role in peroxisomal S-oxidation
as it handles most peroxisomal -oxidation substrates.® The
MFP-2 can be divided into three domains: an N-terminal
domain displaying 3R-hydroxyacyl-CoA dehydrogenase ac-
tivity, a central domain displaying 2-enoyl-CoA hydratase
activity, and an C-terminal domain that is similar to sterol
carrier protein-2. 2-Enoyl-CoA hydratase 2 is the middle part
of the MFP-2, which catalyzes the (R)-specific hydration of
2-enoyl-CoA thioesters. Its crystal structure indicates the
enzyme is a homodimer,” unlike the mitochondrial 2-enoyl-
CoA hydratase 1 that is a hexamer. The amino acid sequence
similarity between hydratase 1 and hydratase 2 are low. The
hydratase reaction of 2-enoyl-CoA hydratase 2 requires two
protic residues (Glu366 and Asp510 for human MFP-2),
suggesting that the reaction follows a process of acid—base
catalysis.

The truncated rat 2-enoyl-CoA hydratase 2 (ECH2) was
cloned and purified following a previously reported proce-
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dure” with addition of hexaHistag to its N-terminus. The
effect of oct-2-yn-4-enoyl-CoA on the catalytic activity of
the ECH2 was investigated through the incubation of the
ECH2 with 5 molar equiv of oct-2-yn-4-enoyl-CoA at room
temperature. Time-dependent loss of the hydratase activity
was noted during the incubation as shown in Figure 4. Since
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Figure 4. Inhibition of rat ECH2 by oct-2-yn-4-enoyl-CoA. The

ECH2 (5.0 uM) was incubated with oct-2-yn-4-enoyl-CoA (O, 0
uM; &, 25 uM) at 25 °C at different times.

the activity of the inactivated enzyme remained unchanged
after prolonged dialysis, the inactivation is clearly irreversible
and most likely involves covalent linkage of oct-2-yn-4-
enoyl-CoA with an amino acid residue in the active site of
the ECH2. The competence of oct-2-yn-4-enoyl-CoA to
inactivate the ECH2 was further studied using kinetic
analysis. The K; and kit Of oct-2-yn-4-enoyl-CoA were
determined to be 25 4+ 2 uM and 0.060 + 0.011 min~1,
respectively.

The identification of labeled residue was carried out in
another experiment. The ECH2 was inactivated with oct-2-
yn-4-enoyl-CoA, and the incubation mixture was digested
with trypsin. The resulting peptide mixture was separated
with an HPLC reversed-phase column with a similar method.
The labeled peptide was isolated, purified, and analyzed with
MS/MS as shown in Figure 5. Oct-2-yn-4-enoyl-CoA
degrades into a 381 Da fragment that was still attached to
the peptide. The result indicated that the catalytic residue
Glu47 was covalently labeled by the inhibitor, which clearly
demonstrated that oct-2-yn-4-enoyl-CoA is an irreversible
inhibitor of the ECH2. It should be mentioned that oct-2-
yn-4-enoyl-CoA is only a weak reversible inhibitor of enoyl-
CoA hydratase 1 (ECH1). This might be related to the
binding conformations of the inhibitor in these two different
enzymes. The triple bond of the inhibitor might be more close
to the catalytic residue in the active site of ECH2 than ECHL1.

It should be mentioned that oct-2-yn-4-enoyl-CoA has
been identified as an irreversible inhibitor of medium-chain
acyl-CoA dehydrogenase (MCAD, EC 1.3.99.3) in our earlier
study,® and the kinetic parameters K; and kit have been
determined to be 11 #M and 0.025 min~, respectively.
Previously, we thought oct-2-yn-4-enoyl-CoA was a specific
inhibitor of MCAD because we did not have purified MTP
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Figure 5. MS/MS spectrum analysis of a 2758 Da peptide showing
covalent modification of rat ECH2 peptide (44 FVYEGSADFS-
CLPTFGVIVAQK 65) by oct-2-yn-4-enoyl-CoA. Molecular mass
of peptide fragments: M1 = F + V (247 Da); M2 = M1 + Y (410
Da); M3 = M2 + E + inhibitor (920 Da); M4 = M3 + G + S
(1064 Da); M5 = M4 + A (1135 Da); M6=M5+D + F + S +
C (1587 Da); M7 = M6 + L + P (1797 Da); M8 =M7 + T + F
+ G (2102 Da) ; M9 =M8 +V + | +V + A + Q (2612 Da);
M10 = M9 + K + H,0 (2758 Da).

B-subunit and ECH2 for incubation study at that time. Acyl-
CoA dehydrogenases (ACDs) catalyze the first and rate-
limiting step reaction of the p-oxidation cycle, which
involves conversion of saturated acyl-CoA substrate to
unsaturated acyl-CoA.° There are nine known members in
the acyl-CoA dehydrogenase family, and five members are
involved in fatty acid $-oxidation. MCAD acted on C4—C16
acyl-CoAs with its peak activity toward medium-chain
(C6—C12) substrates.

In the present study, we further identified the amino acid
labeled by the inhibitor as catalytic residue Glu376. The
MCAD was inactivated with oct-2-yn-4-enoyl-CoA, and the
incubation mixture was digested with trypsin. The resulting
peptide mixture was separated with HPLC reverse phase
column with a similar method. The labeled peptide was
isolated, purified, and analyzed with MS/MS as shown in
Figure 6. Oct-2-yn-4-enoyl-CoA degrades into a 381 Da
fragment that was still attached to the peptide. The result
indicated that the catalytic residue Glu376 was covalently
labeled by the inhibitor. This result clearly demonstrated that
oct-2-yn-4-enoyl-CoA is an irreversible inhibitor of the
MCAD.

Incubation of the MTP S-subunit, ECH2, and MCAD with
50 molar equiv of trans-2,trans-4-octadienoyl-CoA were also
carried out respectively, but no inhibition of any enzyme
was observed. This result indicates that the triple bond
between C-2 and C-3 is mainly responsible for the inhibitory
activity of oct-2-yn-4-enoyl-CoA. It should be noted that
inactivation of acyl-CoA dehydrogenase by 2-alkynoyl-CoA

(9) Kim, J.-J.; Miura, R. Eur. J. Biochem. 2004, 271, 494-508.
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Figure 6. MS/MS spectrum analysis of a 1,963 Da peptide showing
covalent modification of rat MCAD peptide (371 IYQIYEGTA-
QIQR 383) by oct-2-yn-4-enoyl-CoA. Molecular mass of peptide
fragments: M1 =1 + Y (277 Da); M2 = M1 + Q + | (518 Da);
M3 = M2 + Y (681 Da); M4 = M3 + E + inhibitor (1191 Da);
M5 = M4 + G + T (1349 Da); M6 = M5 + A + Q + | (1661
Da); M7 = M6 + Q + R + H,0 (1963 Da).

has been well studied in the past.'® It has been well
demonstrated that the inactivation process involves an initial
abstraction of the y-proton followed by protonation at the
o-carbon resulting in formation of 2,3-alkadienoyl-CoA as
an active intermediate, which subsequently traps a nucleo-
phile at the active-site resulting in enzyme inactivation.
Although the structure of oct-2-yn-4-enoyl-CoA is similar
to that of 2-octynoyl-CoA, it is impossible for oct-2-yn-4-
enoyl-CoA to go through a pathway involving abstraction
of the y-proton. It is possible that the inactivation process
involves a nucleophilic addition of a catalytic residue to the
triple bond between C2 and C3 of oct-2-yn-4-enoyl-CoA
known as Michael addition as shown in Figure 7.
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Figure 7. Proposed mechanism for inactivation of the enzymes by
oct-2-yn-4-enoyl-CoA.

The inactivation kinetic parameters and labeled residues
are summarized as shown in Table 1, which indicates oct-
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Table 1. Kinetic Parameters and Labeled Residues for
Inactivation of Enzymes by Oct-2-yn-4-enoyl-CoA

inactivated enzyme Kj (uM)  Einact (min~1)  labeled residue

MTP p-subunit 16 +2 1.05+0.07 C425
ECH2 25+2 0.060 +£0.011 E47
MCAD 11 0.025 E376

2-yn-4-enoyl-CoA mainly targets MTP f-subunit since its
kinact Value is significantly higher than those of other two
enzymes. One major reason is probably because C425 of
the MTP S-subunit is much more nucleophilic than E47 of
ECH2 and E376 of MCAD. K, values of these three
inactivations are at a comparable range, which indicates the
binding affinities of the inhibitor to these three enzymes are
not significantly different.

In summary, oct-2-yn-4-enoyl-CoA was found to be a very
good irreversible enzyme inhibitor of the MTP S-subunit,
which is a stronger inhibitor than a well-known antianginal
agent trimetazidine. Besides, oct-2-yn-4-enoyl-CoA can also
covalently inactivate ECH2 and MCAD effectively. There-
fore, oct-2-yn-4-enoyl-CoA is a multifunctional enzyme
inhibitor in fatty acid oxidation. As far as we know, oct-2-
yn-4-enoyl-CoA is the first multifunctional irreversible
enzyme inhibitor of fatty acid oxidation, which can inactivate
long-chain fatty acid metabolism in both mitochondria and
peroxisomes. The corresponding oct-2-yn-4-enoic acid or its
esters could be used for further in vivo studies for lead
compound discovery. This study increased our understanding
for the effect of acetylenic acids on fatty acid oxidation.
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