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Abstract

Staphylococcus carnosus 833, inoculated into sausage meat, increased the level of methyl ketones, which contributed to the cured aroma.
These ketones can arise from incomplete L-oxidation followed by two enzymatic activities: a thioesterase and a decarboxylase. In this study
we identified the L-oxidative pathway (through the measure of 3-hydroxyacyl-CoA dehydrogenase activity) and the thioesterase activity in
extracts of S. carnosus cells grown in the presence of different methyl esters. The L-oxidative system was induced by methyl esters and
highest induction was found with a 12-carbon substrate. It was specific for medium chain length fatty acyl CoA substrates. Its maximal
activity was observed at the end of stationary growth phase. HPLC analyses of acyl-CoA after incubation of cell extracts with palmitoyl-
CoA showed that the L-oxidation system released preferentially long chain hydroxyacyl-CoAs, enoyl-CoAs, and acyl-CoAs. The time-
course of intermediate formation indicated a precursor^product relationship indicative of a model of free intermediates which could be
further deacylated by a thioesterase. The thioesterase activity was enhanced when S. carnosus was grown in the presence of methyl esters
with at least 12 carbons and this enzyme was specific for short chain acyl-CoAs. The maximal activity was reached at the stationary growth
phase. ß 2000 Published by Elsevier Science B.V. on behalf of the Federation of European Microbiological Societies.
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1. Introduction

Staphylococcus carnosus and Staphylococcus xylosus are
used as starters in sausage manufacturing. When they are
inoculated into sausage meat, they increase the level of
some volatile compounds such as ketones and secondary
alcohols which contribute to the cured aroma of the prod-
uct [1,2]. However, the production of methyl ketones by
bacteria has not been described although it is widely ac-
cepted that methyl ketones are formed from incomplete L-
oxidation of medium chain fatty acids in ¢lamentous fungi
[3,4]. In fungi, the oxidation is thought to stop with the
formation of L-ketoacyl-CoA esters which are deacylated
into L-ketoacids by a thioesterase. The corresponding L-
ketoacid is then decarboxylated to the methyl ketone. This
mechanism has not been clearly proved but it should in-
volve, at least, the release of intermediates from the L-
oxidation system.

The aims of this work were to identify the L-oxidation
pathway in S. carnosus by characterising its induction and
its ability to release some intermediates and to study the
thioesterase enzyme.

2. Materials and methods

2.1. Growth conditions of S. carnosus 833

S. carnosus 833 was grown in MC medium described by
Talon et al. [5]. Bacteria were cultured aerobically in
a 100-ml Erlenmeyer £ask containing 50 ml of medium
(pH 7.0), on a shaker rotating at 150 rpm and at
30³C. The growth was measured spectrophotometrically
at V= 600 nm. The growth of the strain was
represented by: W (growth rate, h31) and ODmax = log10

(ODfinal/ODinitial) representing the maximum population
reached.

MC medium was supplemented with methyl esters from
methyl hexanoate to methyl oleate at a ¢nal concentration
of 3.5 mM at the beginning of the culture. For enzymatic
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experiments, bacteria were collected after 7 h of growth
and stored as described below.

To study the e¡ect of growth phase, enzymatic activities
of bacteria grown in the presence of methyl oleate were
measured after 4 h (mid-exponential phase), 7 h (late-ex-
ponential), 17 h (stationary) and 24 h (late-stationary
phase).

The e¡ect of di¡erent concentrations of methyl oleate
(0.1, 0.5, 3.5, 5.0 and 10.0 mM) added at the beginning of
the growth was studied. Enzyme activities were measured
after 24 h of growth.

2.2. Preparation of cell free extracts

Cells were harvested at 9000Ug for 10 min at 4³C,
washed with K2HPO4/KH2PO4 (100 mM, pH 7.5) and
then the resulting pellet was stored at 380³C. The pellet
was resuspended in HEPES bu¡er (20 mM, pH 7.5) con-
taining 1 mM EDTA and 1 mM PMSF. Bacteria were
disrupted either by repeated vortexing with glass beads
as described by Bru«ckner et al. [6] or by three passages
through a French pressure cell (35 MPa). In both treat-
ments, unbroken bacteria were removed by centrifugation
at 5000Ug for 10 min at 4³C. The resulting supernatant
fraction was designated crude cell free extract (CFE) and
was used immediately or after freezing with liquid nitrogen
and storage at 380³C.

The amount of protein in the CFE was determined by
the Bradford method with the Bio-Rad 0protein reagent
[7].

2.3. L-Oxidation assays

L-Oxidation was assayed by measuring the 3-hydroxyac-
yl-CoA dehydrogenase activity and acetyl-CoA produc-
tion. (i) L-3-hydroxy-acyl-CoA dehydrogenase (EC
1.1.1.35) activity was determined using acyl-CoAs as sub-
strates (Sigma-Aldrich Co., USA). The assay mixture con-
tained 72 nmol of coenzyme A, 1.7 Wmol of NAD�, 72
nmol of palmitoyl-CoA, 280 Wg of CFE protein and
K2HPO4/KH2PO4 (300 mM, pH 8.0) in a ¢nal volume
of 1 ml. The reduction of NAD� at 30³C was measured
by its absorption at 340 nm against a control sample with-
out substrate. L-Oxidation activity was expressed as nmol
of NAD� reduced mg31 protein min31 (ONAD (340) = 6220
M31 cm31). To study the substrate speci¢city, acyl-CoA
substrates from hexanoyl-CoA to palmitoyl-CoA were
used. (ii) Acetyl-CoA and acyl-CoA were measured ac-
cording to the method described by Broadway et al. [8].
Acetyl-CoA was assayed with citrate synthase in the pres-
ence of oxaloacetate. CoASH, released on condensation of
acetyl-CoA with oxaloacetate, was measured at 412 nm
after reaction with 5,5P-dithiobis-(2-nitrobenzoic acid)
(DTNB). The result was expressed as nmol acetyl-CoA
produced ml31 of medium (ODTNB (412) = 13 600 M31

cm31).

2.4. Thioesterase activity

Thioesterase activity was measured by the release of
CoASH which was assayed continuously by its reaction
with DTNB. The assay contained, in a ¢nal volume of
1 ml, K2HPO4/KH2PO4 (300 mM, pH 8.0), 250 nmol of
DTNB, 72 nmol of palmitoyl-CoA and 280 Wg of CFE
protein. Activity was measured by following the increase
in absorbance at 412 nm and 30³C against a control with-
out substrate (ODTNB (412) = 13 600 M31 cm31). Activity
was expressed as nmol palmitoyl-CoA deacylated mg31

protein min31. The speci¢city of the enzyme was studied
using acyl-CoA substrates from acetyl-CoA to palmitoyl-
CoA.

2.5. HPLC and HPLC^MS analysis of acyl-CoA ester
intermediates

Intermediates of L-oxidation were extracted from L-ox-
idation mixtures as described by Broadway et al. [8] except
that after extraction, the residue was redissolved in 60 Wl
of 50 mM KH2PO4 (pH 5.3), 50 Wl was analysed by
HPLC^UV and 10 Wl by HPLC^MS [9]. For HPLC^MS
analysis, samples were injected onto a Symmetry C18 Col-
umn (2.1U125 nm) equilibrated with solvent A (Ammo-
nium acetate 20 mM, pH 7.5 in milli-Q water). Separa-
tions were performed at 40³C with a linear gradient of 20^
80% solvent B (acetonitrile) for 30 min at a £ow rate of
0.25 ml min31. The mobile phase was delivered by a
Waters 625 LC pump and eluted peaks were detected by
a Waters 900 series photodiode array detector, operated at
260 nm and by total ion current (TIC) using a mass spec-
trometer. For the LC^MS, RP-HPLC columns were eluted
at the £ow rate of 0.25 ml min31 with a split to the MS
ionisation source at a £ow rate of 0.030 ml min31. The
mass spectrometry system was a API III� triple quadru-
pole (Perkin-Elmer Sciex Instruments, Tornhill, Canada)
equipped with an atmospheric pressure ionisation source
(electrospray). RP-HPLC^MS analyses were performed in
the positive mode with a 4800 kV ion spray voltage (ISV)
and a 90-V ori¢ce voltage (OR). HPLC^UV analyses were
completed as soon as the intermediate compounds had
been separated and identi¢ed by HPLC^MS.

3. Results and discussion

3.1. E¡ect of methyl esters on the growth of S. carnosus
833

The growth of S. carnosus 833 was largely independent
of the chain length of the methyl ester (3.5 mM) with only
a small increase in the growth rate (W) in the presence of
methyl decanoate, methyl laurate and methyl oleate and a
small decrease for methyl palmitate (Table 1). These re-
sults are consistent with those obtained in Escherichia coli
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for which methyl decanoate (23.2 mM) had no e¡ect on
growth [10,11]. Those authors reported an inhibitory e¡ect
of free decanoic acid. Inhibition by free fatty acid has been
well characterised and depends on the chain length. E. coli
is inhibited by fatty acids with less than 12 carbons [10]
whereas Lactobacillus leichmanii is inhibited by fatty acids
with 8^12 carbons [12] and Bacillus subtilis by all fatty
acids with 2^18 carbons [13].

3.2. E¡ect of chain length of methyl esters on the
L-oxidation and thioesterase activities

The presence of a L-oxidation system was ¢rst investi-
gated by measuring of 3-hydroxyacyl-CoA dehydrogenase
activity (Table 2), the third step of the L-oxidation path-
way. The enzyme in S. carnosus was found to be inducible
by methyl esters and the maximum activity was reached
for chain lengths 12 (laurate) to 18 (oleate). The presence
of the L-oxidation system was con¢rmed by measuring
acetyl-CoA, about 30 nmol of this product had accumu-
lated in the assay mixture after 20 min of incubation (data
not shown). However, the measurement of acetyl-CoA was
di¤cult because of the presence of thioesterase which hy-
drolysed the acetyl-CoA. The presence of a L-oxidation
system has been described in Pseudomonas fragi [14], Cau-
lobacter crescentus [15] Corynebacterium [8], E. coli [16]
and L. leichmanii [12]. As in S. carnosus, the L-oxidation
enzymes were induced by fatty acids. In E. coli and L.
leichmanii, the enzymes are induced by fatty acids with
12 carbons [12,16] and in P. fragi by six carbons [14].

The thioesterase activity was enhanced by fatty acids
with more than eight carbon atoms and maximum activity
was reached with 12 carbons (laurate, Table 2). Enzyme
induction in E. coli by oleate (C18) has been reported by
Samuel and Ailhaud [17] who concluded that the induc-
tion was related to the levels of Krebs cycle intermediates
and that thioesterase participates in the control of fatty-
acyl-CoA concentrations in the cells.

3.3. Changes in enzyme activities during cell growth

With an initial methyl oleate concentration of 3.5 mM,

the activity of 3-hydroxy-acyl-CoA dehydrogenase (L-oxi-
dation) was ¢rst detected near the end of the exponential
growth phase (with an activity of 9.9 nmol min31 mg31)
and increased in the stationary phase (to 15.2 nmol min31

mg31) and did not change in the late stationary phase.
Thioesterase activity was detected at the mid-exponential
growth phase (3.5 nmol min31 mg31), increased towards
the end of the exponential growth phase (5.7 nmol min31

mg31) and remained unchanged in the later growth phase.
In Pseudomonas, the maximum synthesis of the L-oxida-
tion enzyme was reached at the end of the exponential
growth phase [14].

3.4. E¡ect of methyl oleate concentration on the enzyme
activities

Both thioesterase and L-oxidation activities were in-
duced by 0.1 mM methyl oleate (the lowest concentration
used). Relative to the control, the thioesterase activity in-
creased 2.4-fold (2.7 and 6.4 nmol min31 mg31, respec-
tively) while the 3-hydroxy-acyl-CoA dehydrogenase in-
creased 25-fold (0.7 and 17.7 nmol min31 mg31,
respectively).

3.5. Substrate speci¢city of L-oxidation and thioesterase
enzymes

Using cell free extracts obtained from a 24-h old cell
suspension grown on methyl oleate (3.5 mM), the highest
L-oxidation activity was observed with acyl-CoA of 10^12
carbons. With longer chain lengths (14 and 16 carbons),
the activity decreased but remained high. No activity was
detected with short chain length acyl-CoA (six carbons)
(Table 3). The same speci¢city for the di¡erent substrates
was observed but the activity was low with cell free extract
from a 24-h old cell suspension grown on methyl octa-
noate (3.5 mM) (data not shown).

Concerning thioesterase activity, the two CFE (from
bacteria grown with methyl oleate or methyl octanoate)
showed the same substrate speci¢city with the highest ac-
tivities on acetyl-CoA and acetoacetyl-CoA (Table 3). The

Table 1
Growth of S. carnosus 833 with di¡erent methyl esters

Medium Wmax (h31) ODmax = log ODf /ODi

Control 0.41 1.22
Methyl hexanoate 0.43 1.36
Methyl octanoate 0.43 1.15
Methyl decanoate 0.50 1.23
Methyl laurate 0.48 1.26
Methyl myristate 0.40 1.20
Methyl palmitate 0.30 1.12
Methyl oleate 0.53 1.25

ODi, optical density at 0 min at 600 nm, ODf , optical density at 7 h at
600 nm. W, growth rate.

Table 2
E¡ect of chain length of methyl esters on the induction of L-oxidation
and thioesterase enzymes

Medium L-Oxidation (nmol
min31 mg31)

Thioesterase (nmol
min31 mg31)

Control 0.69 2.65
Methyl hexanoate 2.29 3.83
Methyl octanoate 1.20 2.94
Methyl decanoate 3.96 5.06
Methyl laurate 10.45 7.17
Methyl myristate 10.45 6.10
Methyl palmitate 11.25 6.35
Methyl oleate 12.80 6.14

Activities were measured in CFE from cells harvested at late-exponential
growth phase, using palmitoyl-CoA as a substrate.
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activity decreased sharply with hexanoyl-CoA and stayed
at a similar level from octanoyl-CoA to palmitoyl-CoA.

The most studied bacterial thioesterases are the two that
have been isolated and puri¢ed from E. coli. Thioesterase I
is speci¢c for long chain acyl-CoA esters C10 to C18.
Thioesterase II has a broader substrate speci¢city, being
active with C6 to C18 acyl-CoA [18]. Rhodopseudomonas
sphaeroides also synthesises two thioesterases that are ac-
tive with acyl-CoA esters from C12 to C18 and from C4 to
C18 [18].

3.6. Characterisation of the model of the L-oxidation
system

Incubation of palmitoyl-CoA with CFE from S. carno-
sus grown on methyl oleate showed that all saturated acyl-
CoA (from octanoyl-CoA to myristoyl-CoA, Table 4)
were formed as the reaction progressed. Major intermedi-
ates were identi¢ed as the hydroxy and the enoyl forms of
the saturated acyl-CoA compounds (Table 4). Similar in-
termediates were obtained using concentrations of NAD�

of 1.7 or 8.5 mM except that, at the higher concentration,
the reaction was faster and more medium chain acyl-CoA
accumulated. This indicates that the amount of cofactor
was not limiting and suggests that 3-hydroxyacyl-CoA de-

hydrogenase could be the rate limiting step in the L-oxi-
dation spiral of S. carnosus.

Our conclusions are di¡erent from those of Broadway et
al. [8] for Corynebacterium which showed that, during L-
oxidation of palmitate, saturated acyl-CoAs of each chain
length accumulated and in the absence of NAD� small
amounts of enoyl and hydroxy acyl-CoA were formed.
The authors concluded that acyl-CoA dehydrogenase is
the rate limiting step in the L-oxidation in Corynebacte-
rium.

Incubation for 10 min of decanoyl-CoA with CFE from
S. carnosus grown on methyl oleate resulted in the forma-
tion of octanoyl-CoA, octenoyl-CoA, hydroxydecanoyl-
CoA, and another compound which could be hexanoyl-
CoA or hydroxyoctanoyl-CoA (data not shown). In no
case were chain length intermediates shorter than six car-
bons found. Moreover, by enzymatic assay we failed to
detect any L-oxidation of hexanoyl-CoA (Table 3). These
results suggested that the L-oxidation cycle of S. carnosus
was unable to oxidise short chain acyl-CoAs. In Aspergil-
lus niger, the L-oxidation of medium chain length acyl-
CoAs is limited [19]. This incomplete L-oxidation of me-
dium chain length fatty acids and the presence of inter-
mediates implies the formation of methyl ketones. How-
ever, we found hydroxyacyl-CoA but not L-ketoacyl-CoA

Table 3
Substrate speci¢city of L-oxidation and thioesterase enzymes

Substrates C2 C4 C6 C8 C10 C12 C14 C16

L-Oxidation (nmol min31 mg31)
CFE C18:1 ND ND 0.0 10.3 30.4 32.0 22.1 18.9
Thioesterase (nmol min31 mg31)
CFE C18:1 352.0 144.0 9.8 4.4 5.2 5.2 6.3 5.0
CFE C8 328.0 117.0 15.8 7.3 4.5 4.5 5.9 5.7

Activities were measured in CFE from bacteria grown in the presence of either 3.5 mM methyl oleate (C18:1) or 3.5 mM methyl octanoate (C8); C2,
acetyl-CoA; C4, acetoacetyl-CoA; C6, hexanoyl-CoA; C8, octanoyl-CoA; C10, decanoyl-CoA; C12, lauroyl-CoA; C14, myristoyl-CoA; C16, palmito-
yl-CoA; ND, not determined.

Table 4
Identi¢cation of acyl-CoA intermediates by HPLC^MS during L-oxidation of palmitoyl-CoA by CFE

Compounds Retention time (min) Measured mass Concentration (nmol)

Octenoyl-CoA 9.43 891.3 0.76
Hydroxydecanoyl-CoA 9.89 937.5 9.98
Octanoyl-CoA 10.44 893.4 6.22
Decenoyl-CoA 13.81 919.5 4.24
Hydroxydecanoyl-CoA 14.09 965.4 6.22
Decanoyl-CoA 14.60 921.6 1.75
Dodecenoyl-CoA 17.41 947.7 2.45
Hydroxymyristoyl-CoA 17.62 993.6 4.42
Lauroyl-CoA 18.08 949.8 0.44
Tetradecenoyl-CoA 20.65 975.6 1.63
Hydroxypalmitoyl-CoA 20.83 1021.5 4.28
Miristoyl-CoA 21.22 977.9 0.22
Pentadecanoyl-CoAa 22.65 992.1 50.00
Hexadec-2-enoyl-CoA 23.84 1003.5 3.85
Palmitoyl-CoA 24.52 1005.6 0.52

aInternal standard; intermediates were measured after 10 min of incubation of CFE from S. carnosus grown in the presence of methyl oleate with pal-
mitoyl-CoA.
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intermediates so, as suggested by Yagi et al. [20], it seems
that methyl ketones could arise from hydroxyacyl-CoA
but not from L-ketoacyl-CoA, as suggested by others
[21,22].

The time course of the production of the various chain
length intermediates (Fig. 1) indicates a precursor^product
relationship between the di¡erent chain length saturated
acyl-CoA esters. The concentration of Cn acyl-CoA in-
creases to a maximum before decreasing as the concentra-
tion Cn32 acyl-CoA builds up to its own maximum before
decreasing and so on down the homologous series. This
sequential rise and fall is typical for a series of consecutive
linked reactions involving free intermediates [8]. The be-
haviour (model of free intermediates) of the L-oxidation
system of S. carnosus is very similar to that of Corynebac-
terium but di¡erent from mammalian peroxisomes and
mitochondria [23] and that of E. coli [24] which proceeds
via substrate channeling with no release of intermediates
[24]. In mammalian mitochondrial L-oxidation, a `leaky
hose pipe' model was proposed in which the intermediates
are leaks [23]. For the mammalian peroxisomal L-oxida-
tion system, signi¢cant saturated acyl-CoA esters accumu-
late but the data do not indicate a precursor^product re-
lationship between the di¡erent acyl-CoA esters released
[25].

The presence of an inducible L-oxidation cycle in S.
carnosus was demonstrated for the ¢rst time in this paper.
Furthermore, analysis of the intermediates of fatty acid
oxidation showed a preferential release of hydroxyacyl-
CoA esters which strongly suggested that L-oxidation is
involved in the synthesis of methyl-ketone. The mecha-
nism could be deacylation of the hydroxyacyl-CoA ester
followed by a L-decarboxylation and then a further reduc-
tion to methyl ketone. Work is in progress to con¢rm the
above hypothesis in S. carnosus.
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