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ABSTRACT

H.C. BECK, A.M. HANSEN AND F.R . LAURITSEN. 2004.

Aims: Staphylococcus xylosus is an important starter culture in the production of flavours from the branched-chain

amino acids leucine, valine and isoleucine in fermented meat products. The sensorially most important flavour

compounds are the branched-chain aldehydes and acids derived from the corresponding amino acids and this paper

intends to perspectivate these flavour compounds in the context of leucine metabolism.

Methods and Results: GC and GC/MS analysis combined with stable isotope labelling was used to study leucine

catabolism. This amino acid together with valine and isoleucine was used as precursors for the production of

branched-chain fatty acids for cell membrane biosynthesis during growth. A 83Æ3% of the cellular fatty acids were

branched. The dominating fatty acid was anteiso-C15:0 that constituted 55% of the fatty acids. A pyridoxal 5¢-
phosphate and a-ketoacid dependent reaction catalysed the deamination of leucine, valine and isoleucine into their

corresponding a-ketoacids. As a-amino group acceptor a-keto-b-methylvaleric acid and a-ketoisovaleric acid was

much more efficient than a-ketoglutarate. The sensorially and metabolic key intermediate on the pathway to the

branched-chain fatty acids, 3-methylbutanoic acid was produced from leucine at the onset of the stationary growth

phase and then, when the growth medium became scarce in leucine, from the oxidation of glucose via pyruvate.

Conclusions: This paper demonstrates that the sensorially important branched-chain aldehydes and acids are

important intermediates on the metabolic route leading to branched-chain fatty acids for cell membrane

biosynthesis.

Significance and Impact of the Study: The metabolic information obtained is extremely important in

connection with a future biotechnological design of starter cultures for production of fermented meat.

Keywords: branched-chain fatty acid biosynthesis, flavour formation, leucine catabolism, Staphylococcus carnosus,

Staphylococcus xylosus.

INTRODUCTION

Staphylococci are widely used as starter cultures for the

production of fermented meat products. An important

technological feature of these bacteria is the formation of

flavour important aldehydes and carboxylic acids via the

catabolism of branched-chain amino acids (BCAA) valine,

leucine and isoleucine. These metabolites, especially the

leucine-related metabolites 3-methylbutanal and 3-methyl-

butanoic acid, significantly contribute to the taste and

flavour of dry sausages (Bérdague et al. 1993; Stahnke

1995b – part III). As a result, a large interest in the

metabolism of these metabolites by staphylococci has

arisen and numerous studies on their production have

been conducted. These include the formation of the
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BCAA-related metabolites in resting cell systems (Vergnais

et al. 1998; Masson et al. 1999), in minces (Stahnke 1995a –

part II), model mince (Stahnke 1999b – part II), and in

laboratory media (Beck et al. 2002).

A number of enzymes capable of initiating the initial

step in the catabolism of BCAAs in bacteria have been

described. These include aminotransferases, dehydrogen-

ases and oxidases (Massey et al. 1976). They catalyse the

deamination of the BCAAs to their corresponding

a-ketoacids, a-ketoisocaproic acid (KIC) from leucine,

a-ketoisovaleric acid (KIV) from valine and a-keto-

b-methylvaleric acid (KMV) from isoleucine. The second

step in the catabolic pathway of BCAAs, the oxidative

decarboxylation of the a-ketoacid to produce the corres-

ponding branched-chain acyl-CoA derivatives is catalysed

by a branched-chain a-ketoacid dehydrogenase complex

(Ward et al. 1999). Alternatively, the branched-chain acyl-

CoA derivatives can arise from branched-chain a-ketoacids

produced by de novo synthesis from pyruvate (Umbarger

1996). Similar pathways have been suggested for staphy-

lococci (Stahnke 1999a – part I; Larrouture et al. 2000)

and recently a branched-chain amino acid aminotransferase

was demonstrated to initiate the catabolism of the BCAA

in S. carnosus (Madsen et al. 2002). This enzyme, that

requires pyridoxal 5¢-phosphate (PLP) as cofactor and

a-ketoglutarate (KG) as acceptor of the a-amino group

from the BCAAs, was higly active with leucine and also

partly involved in the deamination of methionine, phenyl-

alanine and tryptophane.

The products of BCAA catabolism can serve various

purposes, such as formation of branched-chain fatty acid

for cell membrane synthesis in Bacillus and other species

(Kaneda 1991), pantothenoic acid biosynthesis (Brown and

Williamson 1987), recycling of glutamate from KG

(Lapujade et al. 1998), and polyketide biosynthesis in

Streptomyces avermitilis and myxothiazol in the myxobac-

terium Stigmatella aurantiaca (Mahmud et al. 2002).

Whether BCAA catabolism in staphylococci has similar

roles is unknown.

Recently, the sensory important aldehydes, 3-methyl-

butanal, 2-methylbutanal and 2-methylpropanal related to

leucine, isoleucine and valine catabolism were found to be

only transiently present in the culture broth during the

exponential growth phase in batch cultures of S. xylosus

and S. carnosus (de Vos Petersen et al. 2003). In fact,

these aldehydes were rapidly oxidized into their corres-

ponding carboxylic acids (Beck et al. 2002). The further

fate of the acids is currently unknown. Given the role

of BCAA catabolism towards formation of these fla-

vour-important metabolites and their potential role in

cellular physiology, we found it essential with a further

characterization of the metabolism of BCAAs in staphy-

lococci.

MATERIALS AND METHODS

Bacterial strains and growth conditions

Staphylococcus xylosus DD34 was kindly provided by Chr.

Hansen A/S (Horsholm, Denmark) and routinely grown in

a defined medium according to Hussain, Hastings, and

White (HHW) (Hussain et al. 1991), containing glucose, 18

amino acids, six vitamins and two purines, or in B-T

medium consisting of 1% tryptone, 0Æ5% yeast extract,

0Æ5% NaCl, 0Æ1% K2HPO4ÆH2O and 0Æ1% glucose.

Medium (50 ml in 250 ml Erlenmeyer flasks or 20 ml in

100 ml Erlenmeyer flasks) was inoculated with ca 106 colony

forming units (CFU) ml)1 and incubated at 30�C with

shaking (150 rev min)1). Growth was monitored by meas-

uring the optical density at 600 nm (O.D.600), 1 O.D. unit

corresponds to 1Æ8 · 108 CFU ml)1.

The catabolism of leucine and production of 3-methyl-

butanoic acid was studied employing deuterated glucose or

deuterated leucine. In the experiments, S. xylosus was

grown in HHW medium with leucine or glucose replaced

by their deuterated analogues, LL-leucine-5,5,5-d3 or

DD-glucose-6,6-d2. The 3-methylbutanoic acid production

was determined by static headspace GC/MS analysis and

glucose consumption by HPLC analysis as described

below.

Branched-chain fatty acid biosynthesis was studied by

replacing leucine with LL-leucine-5,5,5-d3 in the HHW

medium, or by increasing the concentration of leucine,

valine or isoleucine with a factor of 10 (from 150 to

1500 mg l)1). Staphylococcus xylosus was grown to the late

exponential growth phase, cells were harvested by

centrifugation (10 000 g/4�C/10 min), washed once in

potassium phosphate buffer (50 mmol l)1, pH 7Æ5) and

used for membrane fatty acid determination as described

below.

Crude cell extract preparation and enzymatic
activities

Cells of S. xylosus were grown in B-T medium to the mid-

exponential growth phase, harvested by centrifugation

(10 000 g/4�C/10 min), and washed twice in potassium

phosphate buffer (50 mmol l)1, pH 7Æ5). Cells were resus-

pended in cold phosphate buffer and subjected to three

treatments with a French press at 4�C followed by

centrifugation at 20 000 g for 30 min to eliminate unbroken

cells and cell wall fragments. The extract, in the following

called crude cell extract (CE), was filtered through a

0Æ22-lm-pore-size membrane before use.

The transaminase activity of S. xylosus was assayed in the

catabolic direction determined in CE using leucine, isoleu-

cine or valine as sustrate (5 mmol l)1), PLP (0Æ2 lmol l)1)

as cofactor and KG (5 mmol l)1) as a-amino group acceptor.
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The amount of a-ketoacid produced from the transamina-

tion of leucine, isoleucine and valine was measured by

HPLC analysis as described below and specific activities

were expressed as nanomoles of a-ketoacid produced

min)1 mg)1 of protein. The transamination of leucine was

also tested with pyruvate, and the isoleucine and valine-

related ketoacids; KMV and KIV as a-amino group

acceptors. The protein concentration was determined using

the Bio-Rad Protein Assay from Bio-Rad Laboratories

(Hercules, CA, USA) and bovine serum albumin as the

protein standard.

Membrane fatty acid determination

Cells (50–100 mg) were resuspended in 2 ml of metha-

nolic sodium hydroxide (3Æ75 mol l)1 NaOH in 50%

methanol) and heated in an airtight vial at 100�C. Upon

cooling to room temperature, 4 ml of 25% HCl in

methanol was added to the suspension. The acidified

suspension was heated at 85�C for 15 min. When cooled

to room temperature the fatty acid methylesters were

extracted with 3Æ0 ml hexane/tert-butylmethylether (50/

50) and mixed with 2 ml 0Æ3 mol l)1 potassium phosphate

buffer (pH 11Æ0). The organic phase was collected and the

solvent was then gently evaporated under nitrogen. The

fatty acid methylesters were redissolved in 50 ll of

the hexane/ether solvent, analysed by GC and GC/MS

as described below and identified by calculating the

equivalent chain length of the fatty acid methylesters in

the bacterial extracts from the elution positions of known

straight-chain saturated fatty acids in a bacterial fatty acid

methylester standard mixture (Supelco Inc., Bellefonte,

PA, USA). The identities of the fatty acid methylesters

were confirmed by matching with mass spectra obtained

from fatty acid methylesters in the bacterial fatty acid

methylester standard mixture and/or comparison with

mass spectra from a reference database (NIST-98 data-

base, National Institute of Standards and Technology,

Gaithersburg, MD, USA). The fatty acid methylesters

were quantitated by means of their peak areas.

Analytical methods

HPLC analysis. The concentration of glucose and the

methyl-branched ketoacids KIV, KIC and KMV was

determined by HPLC analysis.

Glucose was analysed by anion exchange HPLC. The

equipment consisted of a Dionex advanced gradient pump, a

Dionex automated sampler, and a Dionex pulsed electro-

chemical detector (Dionex, Austin, TX, USA). Separation

was performed on a Carbopack PA10 Guard column

(Dionex). The flow rate was 1 ml min)1 and the injection

volume 25 ll. The gradient was as follows: 52 mmol l)1

NaOH for 15 min, followed by 10 min with 200 mmol l)1

NaOH and 10 min with 52 mmol l)1 NaOH.

The a-ketoacids KIV, KIC and KMV were separated on a

Hydrosphere C18 column (YMC, Kyoto, Japan). The

eluents used were: (A) 20 mmol l)1 KH2PO4, pH 2Æ6 and

(B) 20 mmol l)1 KH2PO4, pH 2Æ6 in 20% methanol and the

following sequence was used, 27 min with A, 20 min with B

and finally 13 min with A. The flow rate was 0Æ7 ml min)1

and the injection volume 20 ll. The equipment used was a

HP1050 gradient pump (Hewlett-Packard GmbH, Wald-

bronn, Germany), analytes were detected at 214 nm with a

Dionex Variable Wavelength Detector (Dionex).

GC and GC/MS analysis. GC/MS analysis was per-

formed with a Hewlett-Packard 5890 series II apparatus

with a 5971 mass selective detector (Hewlett-Packard) and

GC analysis was performed with an Agilent 6890A gas

chromatograph (Agilent Technologies, Inc., Wilmington,

DE, USA). The short chain carboxylic acid were analysed as

their methylesters by static headspace GC and GC/MS, and

the fatty acid methylesters by GC/MS and GC.

GC analysis of fatty acids. Samples (1Æ5 ll) were injected

onto the GC split/splitless (splitless for 1 min) injection

port and the fatty acid methylesters were separated on a DP

5 SIL capillary column [60 m · 0Æ25 mm (inside diameter);

1 lm film thickness] (Chrompack, Walnut Creek, CA

USA), and detected by a flame ionization detector (FID).

He was used as carrier gas. The GC oven was programmed

as follows: 40�C for 2 min, 20�C min)1 to 200�C,

3�C min)1 to 280�C where it was kept for 33 min.

Temperatures of injector and detector were 275 and

300�C, respectively.

GC/MS analysis of fatty acids. The sample (1–2 ll of the

fatty acid methylester mixture) was injected in the split

mode (100 : 1) and separated using a CB WAX CB52

capillary column [50 m · 0Æ25 mm (inside diameter); 1lm

film thickness] (Chrompack). The column was kept at

200�C, and the analysis time was 35 min. Helium was used

as carrier gas. The mass spectrometer was operated at 70 eV,

scan time 0Æ47 s, scan range 20–550 amu, solvent delay

3Æ5 min. The temperature of the interface and detector was

set at 240 and 250�C, respectively.

Static headspace GC/MS. The 3-methylbutanoic acid

was analysed by its methylester by static headspace GC and

GC/MS. Samples were prepared in headspace vials as

previously described (Beck et al. 2002). Briefly, 0Æ5 ml

sample, 0Æ5 ml methanol, and 0Æ5 ml saturated NaHSO4

solution were transferred to the headspace vial. The

esterification reaction was perfomed at 85�C for 2 h and

stored at )20�C prior to analysis. The sample vails were
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equillibrated at 70�C for 30 min and 1 ml of the sample

head space was injected into the split/splitless injection port

(splitless mode for 0Æ6 min) of the GC. Compounds were

separated using a DP 5 SIL low bleed MS capillary column

(60 m · 0Æ25 mm [inside diameter]; 1lm film thickness)

(Chrompack) and helium as carrier gas. The column was

kept at 0�C for 2 min, 5�C min)1 to 55�C, 1�C min)1 to

75�C, 10�C min)1 to 280�C where it was held for 2 min.

Solvent delay was 10 min. The temperature of the interface

and detector was set at 240 and 250�C, respectively. The

methylester of 3-methylbutanoic acid was quantified by

comparing with external calibration curves made from

standards prepared in 0Æ1 MM sodium phosphate buffer.

Chemicals

All chemicals used were of standard analytical grade and

purchased from Sigma-Aldrich (Germany) or Merck KgaA

(Germany) except for LL-serin purchased from Acros

Organics (Belgium) and LL-glutamic acid sodium salt

obtained from ICN Biochemicals (USA). The LL-leucine-

5,5,5-d3 or DD-glucose-6,6-d2 were obtained from Cambridge

Isotope Laboratories, Inc. (Andover, MA, USA).

RESULTS

BCAA as precursors for branched-chain
membrane fatty acid biosynthesis

The cell membrane fatty acid composition of S. xylosus was

analysed (Table 1). The dominating fatty acid species in the

cell membrane of S. xylosus were the branched-chain fatty

acids (83Æ2%). Of these the odd-numbered anteiso species

constituted 67Æ8% with the anteiso-C15:0 as the overall

dominating fatty acid (55%). The odd-numbered iso-fatty

acids constituted 14Æ2 % of the total membrane fatty acids

whereas minor amounts of even-numbered iso-fatty acids

were detected (1Æ1%).

One possible role of leucine catabolism in S. xylosus could

be cell membrane biosynthesis. In order to test this

hypothesis experiments employing deuterated leucine were

carried out. The membrane fatty acids from S. xylosus

cultured in defined HHW medium with deuterated leucine

and in HHW medium with un-labelled leucine were

analysed by GC/MS. Based upon an expected increase in

m/z values of three Daltons we identified three fatty acids

(iso-C15:0, iso-C17:0 and iso-C19:0) derived from leucine

catabolism, all being odd-numbered iso-fatty acids as

identified by their EI-fragmentation patterns. Mass spectra

of iso-C15:0 fatty acids derived from un-labelled leucine and

from deuterated leucine are shown in Fig. 1a,b. As judged

by the relative intensity of the molecular ions at m/z 259,

287, and 315 for the deuterated fatty acids when compared

with their un-labelled counterparts at m/z 256, 284, and

312, these fatty acids were solely derived from leucine

(results not shown).

Further evidence to the role of BCAA catabolism in the

biosynthesis of branched-chain membrane fatty acids was

obtained in experiments where S. xylosus was grown in the

defined HHW medium modified by increasing the concen-

tration of either valine, isoleucine, or leucine. The result was

an increased production of iso-odd fatty acids, iso-even fatty

acids or ante-iso fatty acids from leucine, valine and

isoleucine, respectively (Table 1).

Conversion of leucine to a-ketoisocaproic acid
by crude cell extract from Staphyloccus xylosus

CE from S. xylosus was assayed for transaminase activity

with leucine as substrate (Table 2). The a-amino group

acceptors employed were KG, pyruvate, and the isoleucine

and valine-derived ketoacids, KMV and KIV. The specific

transaminase activity measured for the conversion of leucine

to KIC with KIV and KMV as a-amino group acceptor was

nine- and 6Æ5-fold the activity measured with KG. The

transaminase activity measured with pyruvate as amino

group acceptor was 10% of the activity determined with KG

Table 1 Fatty acid composition of Staphylococcus xylosus grown in

defined HHW medium and effect of increased concentrations of

leucine, isoleucine and valine on fatty acid composition

Fatty acids (%) HHW medium

HHW medium +

Leucine Isoleucine Valine

i-C14:0 0Æ1 0Æ4 <0Æ1 3Æ6
n-C14:0 0Æ3 1Æ2 0Æ2 0Æ3
i-C15:0 7Æ9 27Æ9 1Æ0 7Æ8
a-C15:0 55Æ0 36Æ5 58Æ2 44Æ1
i-C16:0 0Æ8 0Æ2 0Æ1 6Æ8
n-C16:0 1Æ2 2Æ0 0Æ9 1Æ6
i-C17:0 4Æ4 7Æ6 0Æ7 3Æ9
a-C17:0 11Æ4 2Æ8 21Æ2 7Æ0
i-C18:0 0Æ2 0Æ0 <0Æ1 2Æ2
n-C18:0 3Æ0 3Æ9 2Æ5 4Æ5
i-C19:0 2Æ0 3Æ3 0Æ5 2Æ0
a-C19:0 1Æ4 0Æ4 4Æ0 1Æ0
i-C20:0 <0Æ1 <0Æ1 <0Æ1 0Æ8
n-C20:0 5Æ0 6Æ1 5Æ2 7Æ8
Unknown 7Æ3 7Æ7 5Æ5 6Æ5

Total

Even iso 1Æ1 0Æ7 0Æ1 13Æ5
Odd iso 14Æ2 38Æ8 2Æ3 13Æ7
Anteiso 67Æ9 39Æ8 83Æ4 52Æ1
SCFA 9Æ4 13Æ2 8Æ7 14Æ2

Data are mean of two determinations. The variation of the data was

<5%.
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as amino group acceptor. No transaminase activity was

detected in the absence of an a-amino group acceptor.

Furthermore, leucine was not converted to KIC under

conditions favouring leucine dehydrogenase activity (2 mMM

NAD+ included in the reaction medium without a-amino

group acceptor). These results demonstrate that the initial

step in leucine catabolism is a transaminase reaction. CE also

converted isoleucine and valine to their corresponding

ketoacids, KMV and KIV. With KG as acceptor of the

amino group, the transaminase activity detected with

isoleucine and valine was 107 and 87% when compared

with the transaminase activity detected with leucine as

substrate.

Feeding experiments employing deuterated
leucine and deuterated glucose

The production of the sensorially key metabolite, 3-methyl-

butanoic acid, during growth in the defined HHW medium

was also studied. In order to trace 3-methylbutanoic acid

and to be able to differentiate the leucine-derived

3-methylbutanoic acid from its possible formation from

other sources, we replaced leucine in the defined HHW

growth medium with leucine labelled with )CD3 at the

4¢-position. The 3-methylbutanoic acid derived from the

catabolism of deuterated leucine could then be discriminated

against un-labelled 3-methylbutanoic acid biosynthesized via

other sources because of the )CD3 group at 3¢-position. The

3-methylbutanoic acid was analysed as its methylester by

GC/MS. MS analysis of the methylester of a standard of
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Fig. 1 Incorporation of deuterated leucine

into the iso-C15:0 fatty acid. Electron impact

mass spectra of iso-C15:0 fatty acid methylester

extractet from cultures of Staphylococcus

xylosus grown in defined HHW medium with

(a) un-labelled leucine and with (b) deuterated

leucine

Table 2 Transaminase activity detected in CE of S. xylosus D34

Amino group acceptor Specific transaminase activity*

– –

– (+NAD+) –

KG 1Æ7
KIV 15Æ0
KMV 10Æ7
Pyr <0Æ2

–, No activity detected.

*Specific activities are reported as nmol KIC formed min)1 (mg

protein))1. Data are mean of two determinations. Variation of the data

was £10%.
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un-labelled 3-methylbutanoic acid (M+Æ 116) produced an

ion at m/z 101 due to the loss of CH3, whereas its

deuterated counter part (M+Æ 119), the methylester of

deuterated 3-methylbutanoic acid derived from the micro-

bioal degradation of deuterated leucine produced ions at

m/z 101 and 104 with equal intensity, due to the loss of

CD3 and CH3 (Fig. 2a,b).

Figure 3 shows the kinetics of 3-methylbutanoic acid

production, glucose consumption, and growth for S. xylosus.

Production of leucine-derived 3-methylbutanoic acid by

S. xylosus correlated with the onset of the stationary growth

phase after 9 h of growth. When the production of the

leucine-derived 3-methylbutanoic acid declined (after 14 h)

the biosynthesis of this metabolite from other sources was

initiated as observed by the production of un-labelled

3-methylbutanoic acid. The production of the un-labeled

3-methylbutanoic acid declined when the glucose in the

growth medium was depleted after ca 25 h of growth

indicating glucose as a possible precursor for the

3-methylbutanoic acid metabolite.

Experiments conducted using deuterium-labelled glucose

(DD-glucose-6,6-d2) as tracer confirmed the production of
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Fig. 2 Electron impact mass spectra of (a)

3-methylbutanoic acid methylester and (b)
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3-methylbutanoic acid from pyruvate metabolism by

S. xylosus. The deuterium atoms at 6¢-position of glucose

are kept intact during the conversion of glucose to

pyruvate via the glycolytic pathway. DD-glucose-6,6-d2 is

converted to two molecules of pyruvate, one being

pyruvate-3,3-d2. The fragmentation pattern of the methyl-

ester of the observed 3-methylbutanoic acid shown in

Fig. 4 corresponds to the incorporation of deuterium atoms

in one of the methyl groups on carbon 3¢ at 3-methyl-

butanoic acid producing a molecular ion at m/z 118 for

the methylester of the labelled 3-methylbutanoic acid.

The pronounced ion at m/z 103 correspond to the loss of

ÆCH3, and the ion observed at m/z 101 corresponds to the

loss of ÆCHD2.

DISCUSSION

In the present work we investigated the catabolism of leucine

in the meat fermentation starter culture S. xylosus. Using

stable isotope labelling of leucine we traced this amino acid to

the iso-C15:0, iso-C17:0, and iso-C19:0 fatty acids in S. xylosus,

and found an overwelving incorporation of this amino acid

into these fatty acids. Furthermore, increasing the levels of

the BCAAs in the growth medium of S. xylosus lead to an

enrichment of even-numbered iso-fatty acids related to

valine, odd-numbered iso-fatty acids related to leucine, and

odd-numbered anteiso-fatty acids related to isoleucine. In all,

demonstrating that a main physiological role of BCAA

catabolism in S. xylosus is the formation of primers for the

biosynthesis of branched-chain fatty acids to be incorporated

into the cell membrane. In fact, more than 83% of the

cellular fatty acids from S. xylosus were branched, and the

majority was related to isoleucine (67Æ9%).

In bacteria, the initial step in BCAA catabolism, the

deamination reaction, is catalysed by leucine oxidase, leucine

dehydrogenase or BCAA aminotransferase (Massey et al.

1976). We found that CE from S. xylosus converted leucine

to KIC only in the presence of an a-ketoacid and pyridoxal

5¢-phosphate indicating a transaminase to be responsible for

this reaction. CE of S. xylosus also converted isoleucine and

valine to their respective ketoacids; KMV and KIV. A

similar result has previously been demonstrated for

S. carnosus (Madsen et al. 2002), whereas only valine and

isoleucine was transaminated in Lactococcus lactis (Yvon

et al. 2000).

In the literature, transaminase reactions are generally

coupled to glutamate formation via transfer of the amino

group from the amino acid substrate to KG. In Carnobac-

terium piscicola (formerly Streptococcus lactis var. Maltigenes)

Larrouture-Thiveyrat and Montel (2003) found that the

leucine is more efficient catabolized into mainly 3-methyl-

butanol and 3-methylbutanal in growing cultures, when

supplementing the growth medium with 1% KIC. Up to a

fourfold increase in the production of these metabolites is

observed. We found that the transaminase activity when

using the isoleucine and valine-derived a-ketoacids KMV

and KIV as amino acceptors when compared with KG, was

significantly increased. Most significantly, the transaminase

activity was increased by a factor of more than 9 when

employing KIV as amino group acceptor instead of KG.

This indicates that KG may not be the prefered a-amino

group acceptor of the transaminase-catalysed deamination of

the BCAAs in S. xylosus.

The major product derived from leucine catabolism in

S. xylosus is 3-methylbutanoic acid. First, this metabolite

can be formed from its corresponding a-ketoacid by several

pathways; the KIC can be decarboxylated directly into

3-methylbutanal by a branched-chain ketoacid decarboxy-

lase (Dickinson et al. 1997). The aldehyde may then be

oxidized to 3-methylbutanoic acid by an aldehyde dehy-

drogenase (Sugawara and Sakaki 1977). Secondly, a

branched-chain ketoacid dehydrogenase complex can con-

vert KIC to 3-methylbutanoyl-CoA, which subsequently can

be hydrolysed to HS-CoA and 3-methylbutanoic acid by an

acyl-CoA hydrolase such as in yeast (Dickinson et al. 1998),

or converted to 3-methylbutanoic acid via the reactions
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catalysed by a phosphate-butyrate-CoA transferase

(Wiesenborn et al. 1989) and butyrate kinase (Ward et al.

1999). A branched-chain ketoacid dehydrogenase has been

found in other bacteria, including Bacillus subtilis (Lowe

et al. 1983.), Pseudomonas putita (Sokatch et al. 1981), and

Enterococcus faecalis (Rudiger et al. 1972). The 3-methyl-

butanoic acid accumulates when S. xylosus is grown in model

media (Beck et al. 2002), model minces (Stahnke 1999a –

part I), in sausage mince (Stahnke 1995a – part II), or

incubated with leucine in resting cells (Masson et al. 1999).

We found that the production of 3-methylbutanoic acid was

initiated at the onset of the stationary growth phase. Its

immediate precursor, the sensorially most important com-

pound 3-methylbutanal, was recently demonstrated to be

present only transiently during the exponential growth

phase (de Vos Petersen et al. 2003). When the organism

enters the stationary growth phase, the branched-chain

aldehydes are converted to their corresponding carboxylic

acids, probably via the formation and hydrolysis of the

corresponding acyl-CoA complex. This hypothesis is

supported by the observation (Beck et al. 2002) that non-

growing cells of S. xylosus rapidly oxidize the branched-

chain aldehydes into the corresponding acids. A proposed

pathway for the biosynthesis of odd-numbered iso-

branched-chain fatty acids and metabolite production by

S. xylosus is shown in Fig. 5.

Applying stable isotope labelling of leucine and glucose

combined with mass spectrometric analysis we identified

another major biosynthetic route for branched-chain fatty

acids and secondary metabolite production. Presumably,

depletion of the BCAAs triggered biosynthesis of 3-meth-

ylbutanoic acid from glucose via pyruvate pathway, and

indicated the activation of the biosynthetic pathway of

leucine from glucose via pyruvate (Umbarger 1996).

Hinrichsen and Andersen (1994) proposed three possible

routes for leucine-related methyl-branched flavour metab-

olites in staphylococci: Via leucine catabolism, through

chemical decomposition of leucine, or via the BCAA

biosynthetic pathway. Our results clearly demonstrated the

former and the latter pathway to be active in S. xylosus

(Fig. 5).

In the present study we characterized the catabolism of

leucine by S. xylosus. When abundant the BCAA are

important primers for branched-chain fatty acid biosynthe-

sis and when depleted the branched-chain fatty acids are

produced from glycolysis via pyruvate. The sensorially most

important metabolites, the small branched-chain aldehydes

3-methylbutanal, 2-methylpropanal and 2-methylbutanal,

are key intermediates in this metabolism.
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