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5-Hydroxydecanoate (5-HD) inhibits ischaemic and pharmacological preconditioning of the heart.
Since 5-HD is thought to inhibit specifically the putative mitochondrial ATP-sensitive K* (Kurp)
channel, this channel has been inferred to be a mediator of preconditioning. However, it has
recently been shown that 5-HD is a substrate for acyl-CoA synthetase, the mitochondrial enzyme
which ‘activates’ fatty acids. Here, we tested whether activated 5-HD, 5-hydroxydecanoyl-CoA
(5-HD-CoA), is a substrate for medium-chain acyl-CoA dehydrogenase (MCAD), the committed
step of the mitochondrial #-oxidation pathway. Using a molecular model, we predicted that the
hydroxyl group on the acyl tail of 5-HD-CoA would not sterically hinder the active site of MCAD.
Indeed, we found that 5-HD-CoA was a substrate for purified human liver MCAD with a K, of
12.8 + 0.6 uMand a k., of 14.1 s™". For comparison, with decanoyl-CoA (K, ~3 xM) as substrate, k.,
was 6.4 s™'. 5-HD-CoA was also a substrate for purified pig kidney MCAD. We next tested whether
the reaction product, 5-hydroxydecenoyl-CoA (5-HD-enoyl-CoA), was a substrate for enoyl-CoA
hydratase, the second enzyme of the #-oxidation pathway. Similar to decenoyl-CoA, purified 5-HD-
enoyl-CoA was also a substrate for the hydratase reaction. In conclusion, we have shown that 5-HD
is metabolised at least as far as the third enzyme of the #-oxidation pathway. Our results open the
possibility that #-oxidation of 5-HD or metabolic intermediates of 5-HD may be responsible for the
inhibitory effects of 5-HD on preconditioning of the heart.
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Preconditioning of the heart by means of brief (~5 min)
periods of ischaemia or various pharmacological agents,
such as diazoxide and volatile anaesthetics, reduces the
cellular damage which follows a prolonged ischaemic
insult (Cope et al. 1997; Schulz et al. 2001). Mitochondrial
Karp channels are thought to play a central role in
mediating these phenomena (Gross & Fryer, 1999; Gross,
2000; Sato & Marbdn, 2000). An important piece of
evidence for implicating mitochondrial K,p channels as
mediators of preconditioning is the consistent inhibitory
effect of 5-hydroxydecanoate (5-HD). This drug, originally
investigated for its antiarrhythmic actions (Notsu et al.
1992), has been shown to inhibit both ischaemic and
pharmacological preconditioning (Gross & Fryer, 1999;
Gross, 2000; Sato & Marban, 2000). Hence, elucidation of
the molecular action(s) of 5-HD may provide a clue to the
elusive mechanism of preconditioning. Garlid et al. (1997)
reported that 5-HD inhibited K" flux via diazoxide-
activated mitochondrial K,p channels. In further work,

Jaburek et al. (1998) found that 5-HD inhibited K* flux
via mitochondrial K,rp channels in heart and liver
mitochondria with a half-maximal inhibitory concentration
of 4575 uM. These studies have fostered the notion that
5-HD is a specific inhibitor of the mitochondrial Kyp
channel.

Recently, Hanley et al. (2002a) have shown that 5-HD is a
substrate for acyl-CoA synthetase, the mitochondrial
enzyme which thioester-links fatty acids with coenzyme A
(CoA), areaction referred to as fatty acid ‘activation’. This
observation opened the possibility that the activated form
of 5-HD, 5-HD-CoA (5-hydroxydecanoyl-CoA), might be
responsible for inhibiting preconditioning. By analogy
with other acyl-CoA esters, the possible targets of 5-HD-
CoA include K,pp channels, protein kinase C and the
ADP/ATP translocase (Paucek et al. 1996; Knudsen et al.
1999; Liu et al. 2001). Another possibility is that 5-HD-
CoA may serve as a substrate for medium-chain acyl-CoA
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dehydrogenase (MCAD), the enzyme which catalyses the
initial oxidative step of mitochondrial §-oxidation. The
structure and catalytic mechanism of MCAD have been
extensively investigated. X-ray crystallographic structures
of both pig liver and human liver MCAD have been
determined at 2.4 and 2.75A (0.24 and 0.275 nm)
resolution, respectively (Kim et al. 1993; Lee et al. 1996).
These structural data revealed that the substrate-binding
pocket, which is lined with hydrophobic amino acid
residues, extends almost to the centre of the protein.
Substrate binds to the oxidised enzyme, forming an
enzyme—substrate complex, and two reducing equivalents
are transferred to the bound FAD moiety (dehydrogenation
step), yielding the enoyl-CoA product (for review, see
Thorpe & Kim, 1995). The product dissociates after two
molecules of electron transfer protein (ETF), the natural
electron acceptor for MCAD (Roberts et al. 1996), have
re-oxidised the enzyme. ETF transfers electrons to
ubiquinone, thereby linking MCAD with the respiratory
chain.

In the present study, we show that MCAD catalyses the
conversion of 5-hydroxydecanoyl-CoA to 5-HD-enoyl-
CoA. We further show that 5-HD-enoyl-CoA is a substrate
for the second enzyme of the #-oxidation pathway, enoyl-
CoA hydratase. Since the reaction rates were comparable
to those of decanoate derivatives, our results raise the
possibility that 5-HD may be completely oxidised in
mitochondria. These findings have some important
implications for our understanding of the mechanisms
underlying ischaemic or pharmacological preconditioning.

METHODS

Preparation of 5-hydroxydecanoyl-CoA
5-Hydroxydecanoyl-CoA (5-HD-CoA) was synthesised using
commercially available acyl-CoA synthetase (EC 6.2.1.3; Sigma).
5-Hydroxydecanoate (RBI, Sigma), coenzyme A and Na,ATP
were added to Tris buffer solution containing (mm): 100 Tris, 9.1
EDTA and 1.8 EDTA (pH adjusted to 7.5 with HCI). Coenzyme A
concentration before and after the reaction was determined using
DTNB (5,5 -dithiobis-(2-nitrobenzoic acid)), which reacts with
free thiol groups and generates 2-nitro-5-thiobenzoate (peak
absorbance, 412 nm). 5-HD-CoA was separated using a
Waters HPLC system which incorporated an Alltech Cy5-column
(0.1 cm x 25 cm, 10 gm, Econosil). Methanol and 20 mm
potassium phosphate solution (pH 7.0) were used as solvents.
Electrospray ionisation mass spectrometry was used to confirm
that the isolated peak was 5-HD-CoA (Hanley et al. 2002a).

Medium-chain acyl-CoA dehydrogenase

Recombinant human liver MCAD (medium-chain acyl-CoA
dehydrogenase; EC 1.3.99.3) was expressed and purified as
previously described (Peterson et al. 1995), whereas pig kidney
MCAD was extracted and purified from tissue (Johnson et al.
1992). All experiments were performed at 25 °C in buffer solution
containing (mM): 50 potassium phosphate, 0.3 EDTA and 10 %
glycerol (pH 7.6). Activity of MCAD was routinely assayed by
monitoring reduction of ferricenium hexafluorophosphate
(FcPF;) at 300 nm (¢ =43 mM 'cm™') using a Perkin-Elmer
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Lambda 3B spectrophotometer. The cuvette had a path length
of 1cm and contained a magnetic stirrer. Decanoyl-CoA
(€ =4.3 mM ' cm ™' at 259 nm) or 5-HD-CoA (€ assumed to be the
same as for decanoyl-CoA) was used as substrate.

Molecular model of 5-hydroxydecanoyl-CoA bound to
MCAD

A molecular model was used to depict both (R)- and (S)-5-HD-
CoA bound to pig liver medium-chain acyl-CoA dehydrogenase.
The X-ray crystallographic structure of this enzyme in the absence
(pdb3mdd.pdb) and presence (pdb3mde.pdb) of octenoyl-CoA
was downloaded from the Brookhaven Protein Data Bank.
MCAD-bound octenoyl-CoA (Csg-CoA) was modified to
decanoyl-CoA (Cy-CoA) and energy minimisation of the
enzyme—C,o-CoA complex was performed as previously described
(Peterson et al. 2001). A hydroxyl group was added in either the
(R)- or (S)-configuration at position C-5 to generate a model of a
MCAD-5-HD-CoA complex and to predict whether the hydroxyl
group could sterically hinder catalysis. Amino acid residues
located within 4 A of the ligand were identified. Data were
displayed on a Silicon Graphics Indigo XZ workstation.

Enoyl-CoA hydratase

The enoyl-CoA esters decenoyl-CoA and 5-hydroxydecenoyl-
CoA (5-HD-enoyl-CoA) were prepared enzymatically using
MCAD and FcPF; as previously described (Kumar & Srivastava,
1994) and purified via preparative HPLC. Purified 5-HD-enoyl-
CoA was not metabolised by MCAD, indicating that it was
not contaminated with 5-hydroxydecanoyl-CoA. Commercially
available bovine liver enoyl-CoA hydratase (Fluka) was added to
standard buffer solution and enzyme activity, using either
decenoyl-CoA (K, 300 xM; Waterson & Hill, 1972) or 5-HD-
enoyl-CoA as substrate, was monitored by measuring absorbance
at 263 nm (Waterson & Hill, 1972).

RESULTS

Molecular model of (S)-5-hydroxydecanoyl-CoA
bound to MCAD

We have studied the question whether 5-HD-CoA can be
metabolised by #-oxidation in the same way as decanoyl-
CoA, a natural substrate of MCAD. In order to predict
whether the hydroxyl group of 5-HD-CoA, which can have
either an (R)- or (S)-configuration, could hinder catalysis,
we incorporated 5-HD-CoA in a molecular model of pig
liver MCAD. Figure 1A shows (S)-5-hydroxydecanoyl-CoA
((S)-5-HD-CoA) bound to a subunit of the homo-
tetrameric enzyme MCAD. The atoms of (S)-5-HD-CoA
are colour-coded whereas the protein is shown as a yellow
ribbon. We identified the amino acid residues located
within 4 A (solid yellow structures) of the ligand (Fig. 1B).
Glu-376 (labelled in Fig. 1B) is the active site base which
abstracts the a-proton of the acyl-CoA substrate. After the
a-proton is abstracted, the £-hydrogen is transferred to
the N-5 position of the isoalloxazine ring of FAD (flavin
adenine dinucleotide). The model suggests that the
hydroxyl group of 5-HD-CoA, whether in the (R)- (not
illustrated) or (S)-configuration (Fig. 1B), can be easily
accommodated by the ligand-binding pocket of MCAD.
Furthermore, the model indicates that 5-HD-CoA would
not sterically hinder the active site.
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5-Hydroxydecanoyl-CoA is a substrate for MCAD

Based on our above model and the known broad substrate
specificity of MCAD (Peterson et al. 1995), we predicted
that 5-HD-CoA would be a potential substrate for MCAD.
In the experiments shown in Fig. 2, 5-HD-CoA was freshly
synthesised using acyl-CoA synthetase, which was
subsequently removed by ultrafiltration. The amount of
5-HD-CoA formed was determined by measuring the
change in coenzyme A (CoA) concentration. Figure 2
shows that 5-HD-CoA was indeed a substrate for MCAD.
In fact, maximal turnover rates of both liver (Fig. 2A
and B) and kidney (Fig. 2C and D) MCAD were higher

Tyr-375
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when 5-HD-CoA was used as substrate compared to
decanoyl-CoA. In the case of liver MCAD, the apparent k.,
was 10.3 s7' with 5-HD-CoA as substrate (Fig. 2A) and
6.4 s”' with decanoyl-CoA as substrate (Fig. 2B). The latter
value is in line with the value of 7.4 s ™' reported by Peterson
et al. (1995). Similar results were obtained using kidney
MCAD: the apparent k., was 10.7 s' with 5-HD-CoA
(Fig. 2C) and k., 7.8 s' with decanoyl-CoA as substrate
(Fig. 2D). In accordance with these results, Peterson et al.
(1995) reported a k., value of 8.6 s~ with decanoyl-CoA as
substrate for MCAD.

[

WGI u-99

Figure 1. Molecular model of MCAD-(S)-5-hydroxydecanoyl-CoA complex

A, structure of pig liver MCAD monomer in complex with modelled ligand (S)-5-HD-CoA. Amino acid
residues within 4 A of the ligand are shown (solid yellow structures). B, enlarged view of the MCAD—(S)-5-
HD-CoA complex showing relation of the (S)-5-hydroxyl group to labelled residues in the fatty acyl binding
pocket. Glu-376 is the active site base which abstracts the e-proton from the acyl-CoA substrate whereas the

f-hydrogen is transferred to FAD (not depicted).
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Kinetics of 5-HD-CoA interaction with MCAD

The kinetics of human liver MCAD interacting with the
acyl-CoA substrates octanoyl-CoA and decanoyl-CoA
have been characterized (Peterson et al. 1995). In order to
determine the kinetics of human liver MCAD interacting
with 5-HD-CoA we purified 5-HD-CoA by preparative
HPLC. Figure 3A shows the rate of MCAD-catalysed
reaction as a function of [5-HD-CoA]. 5-HD-CoA was
added from a stock solution of 2.6 mM in potassium
phosphate (20 mMm) solution (pH 7.0). The K, was
12.8 £ 0.6 uM and V,,, (maximal rate) was 23.6 uM s
(ke 14.1s7"). Data were fitted using the Michaelis-
Menten equation, V = V., [S]/([S] + K,,), where Vis rate
and [S] is substrate concentration. For comparison, with
decanoyl-CoA as substrate, the K, was found to be 4-fold
lower (~3 uM; Peterson et al. 1995), whereas the k., was
about half (6.4 s™'; Fig. 2B).

The enoyl-CoA product 5-hydroxydecenoyl-CoA is
asubstrate for enoyl-CoA hydratase

Dehydrogenation of 5-HD-CoA via MCAD yields the
enoyl-CoA product 5-hydroxydecenoyl-CoA (5-HD-enoyl-
CoA). We next tested whether purified 5-HD-enoyl-CoA
was a substrate for enoyl-CoA hydratase, the second
enzyme of the mitochondrial f-oxidation pathway.
Enzyme activity was monitored by measuring absorbance
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at 263 nm (Waterson & Hill, 1972). When 85 M decenoyl-
CoA was added to 12 uMm bovine liver hydratase, the
enzyme activity was 0.021 min~' (Fig. 3B). Similarly, with
5-HD-enoyl-CoA as substrate (added from a 2.2 mm stock
solution), enoyl-CoA hydratase activity was 0.018 min™'
(Fig. 3B). In this case, the product of the hydratase reaction
is L-3,5-dihydroxydecanoyl-CoA (L-3,5-DHD-CoA; see
Fig.4A).

DISCUSSION

Metabolism of 5-HD-CoA

5-Hydroxydecanoate, which blocks preconditioning, is
generally presumed to be a selective mitochondrial K,pp
channel inhibitor. However, the recent report that 5-HD is
thioester linked to CoA via acyl-CoA synthetase (Hanley et
al. 2002a), producing 5-HD-CoA, undermines this
assumption. In the present study, we have now shown that
5-HD-CoA is dehydrogenated by purified MCAD, the first
enzyme of the #-oxidation pathway. This result could be
predicted from our molecular model of a MCAD-5-HD-
CoA complex, which showed that the hydroxyl group on
the acyl tail would be unable to sterically hinder the active
site. Moreover, we also found that the enoyl-CoA product
of this reaction, 5-HD-enoyl-CoA, was a substrate for the
next enzyme of the f-oxidation pathway (enoyl-CoA
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Figure 2. 5-Hydroxydecanoyl-CoA is a substrate for human liver and pig kidney MCAD

A and B, purified human liver MCAD (50 nM) was added (indicated by interruption in trace) to solution
containing electron acceptor (FcPF,) and saturating concentrations (43 uM) of either 5-HD-CoA (A) or
decanoyl-CoA (B). A decrease in absorbance at 300 nm indicates enzyme activity. C and D, purified pig
kidney MCAD (50 nM) was added to solution containing either 5-HD-CoA (C) or decanoyl-CoA (D), each at

a concentration of 43 uMm.
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hydratase), yielding L-3,5-dihydroxydecanoyl-CoA. The
above results are schematically summarised in Fig. 4A.

The K, of human liver MCAD was about 4-fold higher
with 5-HD-CoA as substrate than with decanoyl-CoA as
substrate, indicating that 5-HD-CoA binds more weakly to
the enzyme. Hence, the hydroxyl group on the acyl tail of
5-HD-CoA evidently decreases the efficiency with which
this ligand, compared to decanoyl-CoA, binds to the
catalytic pocket of MCAD. However, the V,,,, of MCAD
was about 2-fold higher with 5-HD-CoA instead of
decanoate as substrate. The most likely explanation for the
higher V., is that the weaker binding of 5-HD-CoA
facilitates the rate-limiting step of the enzyme, the
dissociation of the reaction product (5-HD-enoyl-CoA)
from the active site (Peterson ef al. 1998). Taken together,
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Figure 3. Kinetics of MCAD-catalysed dehydrogenation
of 5-HD-CoA and metabolism of the product
5-hydroxydecenoyl-CoA

A, steady-state activity of human liver MCAD was determined at
various concentrations of purified 5>-HD-CoA. K,,, was

12.8 £ 0.6 umand V,,,, 23.6 uM min~". Data were fitted using the
Michaelis-Menten equation (see Results). B, bovine liver enoyl-
CoA hydratase was activated by addition of either decenoyl-CoA
(dashed line) or purified 5-hydroxydecenoyl-CoA (continuous
line). Enzyme activity was monitored by measuring absorbance at
263 nm.
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the 4-fold higher K, and 2-fold higher V., of MCAD with
5-HD-CoA as substrate, compared to decanoyl-CoA,
suggests that the rate of enzyme turnover would be similar
at lower concentrations of either substrate whereas, at
higher substrate concentrations, turnover rate would be
about 2-fold greater with 5-HD-CoA.

We also showed that purified 5-HD-enoyl-CoA was a
substrate for enoyl-CoA hydratase, which suggests that
5-HD may be completely metabolised. Assuming this is
the case, and taking into account that 5-HD is a racemic
mixture, the last step of F-oxidation, catalysed by
f-ketothiolase (EC 2.3.1.16), would yield acetyl-CoA
and a racemic mixture of 3-hydroxyoctanoyl-CoA.
L-3-Hydroxyoctanoyl-CoA (the L-isomer) is not a
metabolic end-product since it is a normal substrate for
L-3-hydroxyacyl-CoA dehydrogenase (EC 1.1.1.35), the
penultimate enzyme of the f-oxidation pathway. This
enzyme is enantioselective and therefore D-3-hydroxy-
octanoyl-CoA (the D-isomer) would first need to be
converted to L-3-hydroxyoctanoyl-CoA via 3-hydroxyacyl-
CoA epimerase before it could be metabolised. However,
3-hydroxyacyl-CoA epimerase activity has been shown to

A
5-HD 5-HD-CoA 5-HD-enoyl-CoA  L-3.5-DHD-CoA
Acyl-CoA Acyl-CoA Enoyl-CoA
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5-HD-carnitine -~ | **- - 5-HD-camitine

\___/

Figure 4. Schematic diagrams of the metabolism of 5-HD
and its uptake into the mitochondrial matrix

A, schematic summary showing activation and £-oxidation of
5-hydroxydecanoate. Medium-chain acyl-CoA dehydrogenase
transfers electrons to the electron transport chain via electron
transfer flavoprotein (ETF) and ETF oxidoreductase (ETF-QO).

B, schematic diagram showing that, typical for medium-chain fatty
acids, 5-HD can be activated via ACS (acyl-CoA synthetase) either
on the mitochondrial outer membrane or in the matrix. Whether
extramitochondrial 5-HD-CoA serves as a substrate for CPT-I
(carnitine palmitoyltransferase-I) is not known.
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be weak in heart mitochondria (Chu et al 1984). If
D-3-hydroxyoctanoyl-CoA is not degraded by #-oxidation,
the acyl group would probably exit the mitochondria as
the free acid (after thioesterase-catalysed hydrolysis) or
as the carnitine derivative, after transfer to carnitine via
carnitine acyltransferase.

Implications for preconditioning

Despite extensive study, the mechanisms underlying the
protection of the heart against ischaemic damage have
remained unclear. There are three main mechanisms that
have been proposed to explain the cardioprotection
conferred by drugs (pharmacological preconditioning) or
by brief episodes of ischaemia (ischaemic preconditioning)
(Gross & Fryer, 1999; Grover & Garlid, 2000; Toyoda et al.
2000; Sanada et al. 2001; Suzuki et al. 2002; Hanley et al.
20024, b; Standen, 2002): (i) activation of sarcolemmal
Karp channels, (ii) activation of mitochondrial K,p
channels, and (iii) inhibition of components of the
respiratory chain. Since 5-HD has been shown to inhibit
both ischaemic and pharmacological preconditioning
(Gross & Fryer, 1999; Gross, 2000; Sato & Marbén, 2000)
elucidation of its molecular action(s) may provide a clue to
the mechanism of preconditioning.

The data reported here, together with the results of Hanley
et al. (2002a), extend the possible mechanisms by which
5-HD could block preconditioning: (i) the putative
mitochondrial K,rp channel may be inhibited by cytosolic
5-HD or 5-HD-CoA; (ii) intermediates of 5-HD
metabolism may inhibit the £-oxidation pathway or exert
some other cellular action; (iii) 5-HD may be completely
metabolised via the #-oxidation pathway, which is linked
to the respiratory chain. This link may provide a bypass to
respiratory chain inhibition at complex I or complex II
(Hanley et al. 20024a). £-Oxidation of 5-HD would also
explain the observation that 5-HD reverses the opening of
sarcolemmal K,rp channels induced by blocking glucose
metabolism in ventricular myocytes (Notsu et al. 1992).
(iv) Application of 5-HD may lead to a switch of
metabolism from glucose to fatty acid oxidation, which
may impair recovery of cardiac function after ischaemia
(Lopaschuk, 1997).

Like other short- or medium-chain fatty acids, 5-HD can
traverse the mitochondrial inner membrane. Subsequently,
5-HD can be activated by medium-chain acyl-CoA
synthetase present in the matrix, as illustrated in Fig. 4B
(blue arrows), and metabolised by £-oxidation (Fig. 4A).
5-HD-CoA produced by acyl-CoA synthetase at the
mitochondrial outer membrane, however, is membrane
impermeant and needs to access the matrix via carnitine
palmitoyltransferase-I (CPT-I) before it can be metabolised.
Whether extramitochondrially activated 5-HD serves as a
substrate for CPT-I is not known (Fig. 4B, interrupted
lines), although this is likely the case.

] Physiol 547.2

In conclusion, our results suggest that metabolism of
5-HD may be responsible for its inhibitory effect on
preconditioning. Thus, 5-HD should no longer be
considered a suitable pharmacological tool for the
identification of mitochondrial ATP-sensitive potassium
channels.
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