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A wide variety of reactions are catalyzed by enzymes that
utilize coenzyme A-based substrates.1,2 The reactions may be
subdivided based on whether the acyl-CoA thioester bond is
broken or formed during the reaction or whether chemical
transformations are confined to the acyl portion of the molecule.
The ability to probe the mechanism of CoA-dependent enzymes
has been greatly facilitated by the ability to synthesize acyl-CoA
analogues.3 Here we present a method that has enabled us to
synthesize a CoA oxyester for the first time. In this analogue the
acyl-CoA thioester sulfur atom has been replaced by oxygen.
Using this method crotonyl-oxyCoA has been synthesized and
its reaction with enoyl-CoA hydratase has been studied.

The single-atom substitution of an oxygen for a sulfur is
expected to influence the chemical properties of acyl-CoA esters
in a number of ways, while only having a minimal effect on the
geometry of the ligand.4 First, the R-protons of the oxyester
analogue will be more basic than those of the corresponding
thioester. Richard and co-workers have shown that theR-protons
of ethyl acetate (pKa 25.6) are 40 000-fold more basic than the
R-protons of ethyl thiolacetate (pKa 21).5,6 Thus, the oxyester
should be a sensitive probe of the role ofR-proton acidity in an
enzyme reaction. Second, the carbonyl stretching frequency of
oxyesters is intrinsically higher in wavenumber than that of the
corresponding thioester. For example, in methyl acetateνCdO is
1740 cm-1 while νCdO is 1692 cm-1 for methyl thiolacetate.7 The
shift in frequency is expected to facilitate the direct observation
of νCdO when the acyl-oxyCoA ligands are bound to enzymes,
especially in compounds such asR,â-unsaturated fatty acids
where the carbonyl is conjugated to an ethylenic double bond.
Third, while the alkaline hydrolysis rate constants for oxygen
and thioesters are comparable,8,9 the free energy of hydrolysis
of thioesters is around 2.5 kcal/mol greater than that for the
corresponding oxyesters.10,11 Consequently, the increased ther-
modynamic stability of oxyesters relative to thioesters and, for

example, the fact that oxyesters are much less reactive toward
nitrogen nucleophiles than thioesters12 is expected to facilitate
the investigation of enzyme reactions that involve cleavage of
the acyl-CoA ester bond and assist in the generation of stable
enzyme-substrate complexes for spectroscopic analysis. Conse-
quently the acyl-oxyCoAs should be valuable mechanistic probes
of enzymes that utilize CoA substrates.

Initial efforts to synthesize acyl-oxyCoA esters were based on
the method described by Drueckhammer and co-workers.3,13,14

This procedure utilizes a common CoA intermediate in which
the pantetheine amide bond closest to the CoA thiol group has
been replaced by a thioester. Subsequent aminolysis of the
thioester reforms the pantetheine amide and results in a CoA
analogue whose structure is derived from that of the amine
nucleophile. To introduce an oxyester functionality using this
method, we consequently required compounds containing both
an amine and an oxyester. However, we observed that an
intramolecular N to O rearrangement of the required amino acyl-
oxyester fragment competed efficiently with the aminolysis of
the CoA intermediate. Subsequently, we turned our attention to
the synthesis of acyl-oxypantetheines, based on the hypothesis
that the enzymes responsible for the synthesis of CoA from
pantetheine might accept a variety of substituted pantetheine
derivatives.

Crotonyl-oxypantetheine3, the acyl-oxypantetheine required
for the synthesis of crotonyl-oxyCoA, was obtained fromD-panto-
thenic acid as shown in Scheme 1.15 Following protection of
the pantothenate hydroxyl groups with triethylsilyl chloride,
pantothenic acid was coupled with ethanolamine using carbonyl
diimidazole to give the protected oxypantetheine2 in 40% yield.
The oxypantetheine2 was then acylated with crotonic acid using
DCC and deprotected to give crotonyl-oxypantetheine3 in 53%
yield.

Crotonyl-oxypantetheine3 was subsequently converted into
crotonyl-oxyCoA 6 with three enzymatic steps (Scheme 1).15

Initially, pantothenate kinase (pantK) was used to phosphorylate
crotonyl-oxypantetheine3 with ATP to give crotonyl-oxyphos-
phopantetheine4. The addition of pyruvate kinase and phospho-
enolpyruvate to the reaction mixture was found to increase the
yield of the phosphorylated product. The progress of the reaction
was monitored by using lactate dehydrogenase to reduce the
pyruvate that was formed to lactate, with the concomitant
oxidation of NADH. By using the coupled assay, crotonyl-
oxypantetheine was found to be an excellent substrate for pantK.
Phosphorylation occurred quantitatively and, following purifica-
tion, the crotonyl-oxyphosphopantetheine was coupled with ATP
by using phosphopantetheine adenylyltransferase (PPAT) to give
crotonyl-oxydephosphoCoA5. Pyrophosphatase was added to
the coupling reaction to hydrolyze the inorganic pyrophosphate
that was formed. Finally, the crotonyl-oxydephosphoCoA5 was
converted into crotonyl-oxyCoA6 by using 3′-dephosphoCoA
kinase (dpCoAK). Each enzymatic step proceeded quantitatively
to product and the overall yield of the enzymatic portion of the
synthesis following HPLC purification of the final product was
62%.

The ability of enoyl-CoA hydratase to hydrate crotonyl-oxyCoA
was subsequently examined. Enoyl-CoA hydratase catalyzes the
syn hydration ofR,â-unsaturated fatty acyl-CoAs to the corre-
sponding 3(S)-hydroxyacyl-CoAs (Scheme 2).16 For crotonyl-CoA
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the equilibrium constant for hydration to 3(S)-hydroxybutyryl-
CoA (KHB) is 7.5 in D2O buffer (pD 7.4).17 Comparison of the
UV-visible absorption spectrum of crotonyl-oxyCoA before and
after addition of enzyme revealed that an absorbance band around
220 nm, assigned to the enoyl group, decreased substantially
during the enzymatic reaction. HPLC analysis of the reaction
mixture revealed that the crotonyl-oxyCoA, retention time 29.3
min, was replaced by a new product at 26.6 min. The product
was isolated and shown to react quantitatively with 3(S)-
hydroxyacyl-CoA dehydrogenase and NAD+ in a coupled reaction
with pyruvate and lactate dehydrogenase. This confirmed that the
product of the reaction was 3(S)-hydroxybutyryl-oxyCoA. Using
NMR spectroscopy, we determined that the equilibrium constant
for the hydration of crotonyl-oxyCoA (KHB) was 12.5. This is
larger than the equilibrium constant for the hydration of crotonyl-
CoA (7.5). Consequently the sulfur-to-oxygen substitution has
destabilized the enoyl system and/or stabilized the hydrated
product.

The hydration of crotonyl-CoA at pH 7.4 is characterized by
a kcat of 1280 s-1 and aKm of 15 µM giving a kcat/KM of 8.5 ×
107 M-1 s-1. In contrast, the kinetic parameters for the hydration
of crotonyl-oxyCoA under the same conditions were found to be
a kcat of 3.9 s-1 and aKm of 13 µM, giving akcat/KM of 3.0× 105

M-1 s-1. Thus, replacement of the crotonyl-CoA thioester linkage
with an oxyester reduceskcat for substrate hydration by 330-fold
and kcat/KM by 280-fold. Clearly, the single-atom substitution
has had a dramatic effect on reactivity. While the origins of
the alteration in activity remain to be explored, the lower acidity
of the R-protons of oxyesters compared to those of thioesters
indicates that the thioester group is intrinsically better at stabilizing
the carbanion resulting fromR-proton abstraction compared to
the oxyester group.5,6,18 Consequently, since the transition state
for the concerted hydration of crotonyl-CoA has some carbanionic
character (Scheme 2),19,20 the reduced reactivity of crotonyl-
oxyCoA may simply reflect the reduced ability of the oxyester
to stabilize negative charge accumulation in the acyl group.

In summary, we have synthesized an acyl-oxyCoA for the first
time. The general applicability of this method for synthesizing
further CoA analogues will depend on the ability of the CoA
biosynthesis enzymes to accept different pantetheine analogues.
Currently, in addition to crotonyl-oxyCoA, we have demonstrated
that the CoA biosynthesis enzymes can accept pantetheines
with C6 (hexadienoyl-oxypantetheine) and C12 (2-dodecenoyl-
pantetheine) fatty acid substituants. The acyl-oxyCoA analogues
will prove a highly valuable tool for probing the mechanism of
CoA-dependent enzymes.
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