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Bread spoilage is mainly due to the growth of filamentous fungi, and metabolites produced during
sourdough fermentation by lactobacilli can inhibit fungal growth. One of these metabolites is
phenyllactic acid (PLA), which is a catabolite from phenylalanine. In this work, the influence of peptide
supply and cosubstrates was determined on PLA formation from phenylalanine by Lactobacillus
plantarum TMW1.468 and Lactobacillus sanfranciscensis DSM20451T. Transport of single amino
acids is not efficient in lactobacilli, and only 1% of the offered phenylalanine was converted to PLA.
PLA yields were increased 2—4-fold when peptides instead of single amino acids were used as a
substrate. The accumulation of phenylalanine after peptide addition indicated that, after transport,
transamination was the second limiting factor. In L. plantarum TMW1.468, PLA yields were increased
from 5 to >30% upon the addition of a-ketoglutarate. In L. sanfranciscensis DSM20451, a combination
of both citric acid and o-ketoglutarate increased PLA formation. The combined effect of citric acid
and o-ketoglutarate can be attributed to changes in the NAD/NADH ratio.

KEYWORDS: Lactobacillus plantarum ; Lactobacillus sanfranciscensis ; phenylalanine metabolism;
phenyllactic acid; sourdough

INTRODUCTION ever, all published studies on amino acid metabolism by
Wheat sourdough fermentation by lactobacilli positively lactobacilli have employed amino acids rather than peptides as

influences the overall bread quality, because it enhances flavorSubstrates, and the possibility to increase amino acid turnover
(1—3) and texture4), delays stalingg), and prolongs shelf by an optl_mlzed sup_ply o_f subs_trates_ remains to be elucidated.
life (6). Bread spoilage is mainly due to the growth of Am_lno acid catabolism in Iactlp amd bacteria (for a recent
filamentous fungi, and metabolites produced by lactobacilli can "€View, see reil5) starts from this intracellular pool of amino
inhibit their growth. In addition to lactic and acetic acids, minor acids. Itis initiated by a transamination reaction (1) where
metabolites display antifungal activity (7). One of these minor the a-amino group is tranferred to a keto acid acceptor by an
metabolites is phenyllactic acid (PLA), which is a catabolite of @minotransferase. In lactococai-ketoglutarate is the main
phenylalanine. Mold growth was delayed by 5 days in wheat @mino acceptor (1819), which is then converted into its
bread produced using sourdough started with a PLA-producing corresponding amino acid, glutamate. Otheketo acids such
Lactobacillus plantarumstrain in comparison to a bread @as pyruvate and oxaloacetate may serve as amino acceptors as
produced using sourdough started with a nonphenyllactic acid- Well (20). After removal of the amino group, the resultiagketo
producingLactobacillus breis strain (6). PLA is produced by acid can be metabolized by several enzymatic reactions, resulting
a wide range ofLactobacillusspecies, but its production is in the corresponding aldehyde or alcohol, carboxylic acid, or
strain-dependent (8—10). PLA was formed by lactic acid hydroxy acid. The proportion of the metabolites formed is strain-
bacteria growing in Man, Rogosa, and Sharp (MRS) broth in dependent (1721).
levels up to 99 mg L (10). In case of phenylalanine degradation (a schematic overview
Cells meet their nitrogen requirements mainly by oligopeptide is given in Figure 1), phenylpyruvate is generated after
transport followed by peptide hydrolysi$ —14). The prefer-  transamination. Phenylpyruvate can then be reduced by hydroxy
ential uptake of peptides suggests that peptides are moreacid dehydrogenase&f, 22), which results in the production
efficiently converted into metabolites than amino acids. How- of PLA. When phenylpyruvate is decarboxylated, phenyl-
acetaldehyde is formed, which in turn can be converted to
*To whom correspondence should be addressed. Fel49 8161 phenylethanol or phenylacetate. When phenylpuryvate is not
7135169. Fax:+ 49 8161 713327. E-mail: rudi.vogel@wzw.tum.de. enzymatically converted, it may undergo a chemical oxidation
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* University of Alberta. to benzaldehyde (23).
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Figure 1. Pathways involved in phenylalanine metabolism in lactic acid bacteria. After ref 45, modified.

In lactic acid bacteria, amino acid metabolism is limited by determine the role of peptide supply and cosubstrates as rate-
the availability of amino acceptors in the transamination limiting factors in metabolite formation from phenylalanine in
reaction. It has been shown that the additionwedetoglutarate L. plantarumTMW1.468 and.. sanfranciscensiDbSM20457.
(24—26) or pyruvateq7) during cheese making enhances the The influence of the substrate, the cofactor availability, and the
amino acid degradation. The conversion of amino acids was presence of branched chain amino acids on PLA formation were
increased by using a glutamate dehydrogenase (GDH) over-studied, as well as the phenylpyruvate degydrogenase and GDH
producing strain, which was able to produce extr&etoglu- activities.
tarate from glutamate under the reduction of NAD to NADH
(28). Tanous et al.29) have shown a positive correlation MATERIALS AND METHODS
between the GDH activity in lactic acid bacteria and their ability
to metabolize amino acids. Cometabolism of citric acid and few exceptions, were obtained from Merck (Darmstadt, Germany).

glutamate resulted in .h'gher amino acid conversmp reeg ( Reference compounds for high-performance liquid chromatography
In Lactococcus lactis, some of the genes encoding enzymes(HpPLC) analysis of phenyllactate, phenylacetate, and phenylethanol
involved in phenylalanine metabolism were identified. The were obtained from Sigma-Aldrich (Munich, Germany), and acetonitrile
expressions of the peptide transporep, several peptidases, was obtained from J. T. Baker (Griesheim, Germany). Peptides were
and the aminotransferasesaT and bcaT are under CodY  purchased from Bachem (Weil am Rhein, Germany).
repression (3132). CodY senses the intracellular pool of Strain and Growth Conditions. L. sanfranciscensi®SM2045T
branched chain amino acid83 34); branched chain amino ~ (ATTC2765T, TMW1.53) andL. plantarumTMW1.468 were grown
acids stimulate CodY’s binding to the DNA, which leads to at 30°C in modified MRS medium (MMRS, composition per liter: 5

ST o ) g of glucosex H;0, 10 g of fructose, 10 g of maltose, 10 g of peptone
inhibition of the gene transcription and thus down-regulates from casein, 5 g ofneat extract, 5 g ofeast extract, 4.0 g of Kid

peptide transport anq hydrolysis and amino_acid conv_ersion. It PQ,, 2.6 g of KHPQ, x 3H,0, 3.0 g of NHCI, 1 g of Tween 80, 0.1
is not known to which extent the regulation described for g of MgsQ, x 7H,0, 0.05 g of MNS@ x H.0, 0.5 g of I-Cys HClx
Lactococcusis valid for sourdough lactobacilli or how the  H,0, 0.2 mg each of biotin, folic acid, nicotinic acid, pyridoxal
formation of the intracellular amino acid pool, the transamina- phosphate, thiamin, riboflavin, cobalamin, and panthothenic acid; and
tion, the conversion of phenylpyruvate, and the regulation of 15 g of agar for solid media). The pH was adjusted to 6.2. In N-limited
these processes influence the formation of PLA during sour- mMRS, peptone and meat extract were omittedi &g L~* yeast extract
dough fermentation. was added as the sole source of complex nitrogen. The growth of the
Many metabolic pathways are linked to cofactor availability, 'actobacilli in N-limited medium was monitored by measuring the
which is influenced by central carbon metabolism. Previous °Pfical density (OD) at 590 nm every 20 min in a microtiterplate
studies on amino acid metabolism and cofactor regenerationSpeCtrOphOtormHer (TECAN spectrafiuor, Grodig, Austria).

h f donh f ive | bacill d diti Fermentation Conditions. After two sequential overnight fermenta-
ave focused on homofermentative lactobacilli. Under conditions tions, precultures were used to inoculatexl @ncentrated N-limited

prevailing in sourdoughl. plantarum uses the Embden mMMRS at 2.5%. Stock solutions of peptides (phenylalanyl-leucine, FL;
Meyerhoff pathway for sugar fermentation wheréastoba- phenylalanyl-serine, FS; phenylalanyl-glutamate, FE; prolyl-phenyl-
cillus sanfranciscensiis obligatory heterofermentative as most alanine, PF; leucyl-valine, LV; and leucyl-proline, LP; all obtained from
major representatives of the microflora in traditional sourdoughs. Bachem), amino acid (phenylalanine, glutamatejetoglutarate, citric

In this group of organisms, the NADH-dependent enzymatic acid, and fructose, or, when necessary, water were added in order to
reactions are strongly influenced by citrate and fructose. Thesedilute the medium to 1.0 concentrations. The pH value of the stock
cosubstrates enable cofactor regeneratd) and thus poten- solutions (50 mM) was adjusted to pH 6. The dipeptides FL and LP

tially increase amino acid turnover via an increased GDH N2ve @ poor solubility; therefore, these peptides were solved directly
activity in the 1.2« concentrated N-limited mMMRS, which was subsequently

L . . . . sterilized by filtration and diluted to 10 concentrations. Fermentations
Although the factors limiting amino acid metabolism lin were allowed to proceed for 72 h at 3G. Samples were taken after

lactis are increasingly understood, the current knowledge doesg, 6, 24, and 72 h and immediately frozen.

not enable the optimization of phenylalanine turnover by  Sourdough Fermentations.Wheat flour with an ash content of

sourdough lactobacilli. It was therefore the aim of this work to 0.55% was obtained at a local supermarket. To inoculate sourdoughs,

Chemicals.All used chemicals were of analytical grade and, with
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Figure 2. Peptide, F (lower panels), and PLA (upper panels) levels in nitrogen-limited mMRS medium fermented for 72 h with L. sanfranciscensis
DSM20451T (A) and L. plantarum TMW1.468 (B). Substrates were added to the medium to a concentration of 1.7 mM. Presented results are average
values + standard deviations of two independent fermentations.

5 mL of an overnight culture was washed twice with tap water. The in PLA formation upon the addition of substrates and cosubstrates were
pellet was resuspended in 5 mL of tap water, and this cell suspensionevaluated using an on-line availalfest tool (calculators.stat.ucla.edu).
was mixed with 10 g of flour and 5 mL of tap water containing the
required addititives (F, FS, citric acid;ketoglutarate, and fructose, 5
mM, pH 7). Sourdoughs were incubated at&) and samples were

taken after 0, 6, 24, and 48 h. .
Concentrations of Organic Acids and Sugars in Sourdough and PLA Formation by L. plantarum TMW1.468 and L.

MMRS Samples.The concentrations of maltose, glucose, and fructose sanfranC|s_cenS|$)SM20451 from leferent Subst!'ates.ln _aII
as well as the metabolites lactate, acetate, ethanol, PLA, phenylethanolf€rmentations, the growth of the inoculated strains to high cell
phenylacetate, and phenylacetaldehyde were determined by HPLC.counts and the absence of a metabolically relevant number of
Sourdough samples were diluted 1:1 with distilled water; medium contaminations were verified by observation of a uniform colony
samples were used undiluted. After overnight protein precipitation using morphology on agar plates and by measuring lactate, acetate,
3.5% perchloric acid, the precipitates were removed by centrifugation and ethanol levels in the doughs (data not shown). To determine
(15000g, 20 min). The 2L samples were eluted from a Polyspher  \yhether amino acids or peptides are preferred substrates for
ga ﬁCSgZ':?eqégi?rﬂemgz gbivn:):‘nb%%ik'rngclz)xvgletgtsfﬁgﬂh;%l amino acid metabolism, F was offered as a single amino acid
group-containing metabolites, all compounds were detected using aoras part of a dipeptide. The cqncentratlons Of. the peptides, F,
refractive index detector. Phenyl group-containing metabolites were and PLA,aﬂer 72 hof f.ermentatllon are showrﬁlgure 2. For
detected using a UV detector set at 210 nm, and their detection limit POth strains, a24-fold increase in PLA formation can be seen
was <5 uM. when F is offered as part of a peptide as compared to when F

Concentrations of Phenylalanine and Phenylalanine-Containing is offered as a single amino acid. Only when F is offered as
Peptides in Sourdough and mMMRS Sampleg-or determination of part of FE, PLA formation is not increased In plantarum
phenylalanine and phenylalanine-containing peptides, sample preparaTM\W1.468. In the case of. sanfranciscensi®SM20451, a
%i_‘;” v;gs tLhe Samle as used for tth% deteC“C(TSO‘I;SF‘jgaVIS a“d(gg%a”ic acidgy.0—0.38 mM concentration of the initial 1.7 mM concentration

€ cYul- samples were Injected on a column MM of the added dipeptides was recovered as dipeptides; thus,
4.6 mm, 300 A, 5um particle size, Phenomenex, Torrence, CA) coupled sanfranciscensi;y%rolyzed 76-100% of the ppeth)ides. This

to a UV detector set to 210 and 257 nm; the flow was 1 mL thin d . in oh lalani . d
Solvents A and B consisted of 0.1% trifluoroacetic acid in water and CaUS€d an increase in phenylalanine concentration as compare

acetonitrile, respectively. Before injection, the column was equilibrated t0 the fermentation without additional peptide: Phenylalanine
with 2% B for 5 min. Samples were eluted with the following solvent levels were 0.88—1.46 mM higher, indicating that a substantial
gradient: 0—25 min, gradient from 2 to 20% B;280 min, gradient part of the phenylalanine is not further convertedplantarum
from 20 to 80% B. hydrolyzed the dipeptide as well; after 72 h of fermentation,
Measurement of GDH Activity in Cell Free Extract. GDH activity dipeptide concentrations ranged from 0.02 to 0.78 and phenyl-
was measurgdhegsesn(;ian{ a‘gcoz\igg tc%r']l'anmljls e2e). Ce"f] nere . alanine levels increased from 0.4 to 1.38 mM. Phenylacetic
grown overnight in 50 mL of m . The cells were washed twice : ;
with reaction buffer (50 mM MOPS, pH 9), the cell pellet was acid, phenylethanol, .an.d phenylacetaldghyde concentrations
were below detection limits after fermentation (data not shown).

resuspended in 5 mL of reaction buffer, and cells were lysed using .~ . vsi h | |
sonication. Cell debris was removed from the cell-free extract by Kinetic analysis of growth rate and substrate and PLA levels

centrifugation (6000gL0 min). The reaction mixture for the measure- Showed that peptide hydrolysis and PLA formation are ongoing
ment of the GDH activity consisted of cell-free extract, 5 mM glutamate, When growth has ceased, indicating that amino acid conversion
and 5 mM NADH or NADPH. The oxidation of NAD(P)H was is not related to exponential growth but an ongoing process in
measured by measuring the absorbance of the reaction mixture at 340stationary cells (data not shown). After 0 and 6 h, PLA levels
nm. As a control, cell-free extract was inactivated at’@0for 5 min were below detection limits. After 24 h, small amounts of PLA
and incubated in the presence of glutamate and NADPH or NADH. \yere formed, but after 72 h, PLA levels increased further, and
Furthermore, cell-free extract was incubated without glutamate butin v yittarences between strains and fermentation conditions were
the presence of NADH or NADPH. The protein concentration in the " .
cell free extracts was measured using the BioRad Protein Assay (BioRadrnore pronounced and en_abled statistical data analysis. For
Laboratories GmbH, Munich, Germany) according to the manufacturers example,L. sanfranciscensiproduced 0.048 mM PLA from
directions. Bovine serum albumin was used for the calibration curve. FS and reached OD 0.75. After 72 h, the OD remained
Statistical Data Analysis. The results are mean values of two €ssentially constant at 0.75 but PLA levels increased to 0.078
separate fermented medium or dough samples. Significant differencesmM (data not shown). Because of low amounts of amino

RESULTS
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Figure 3. FS, F, and PLA levels in nitrogen-limited mMRS medium after 72 h of fermentation with L. sanfranciscensis DSM20451T (A) and L. plantarum
TMW1.468 (B) are shown. FS (1.7 mM) was added at the start of the fermentation, as were citrate (cit, 5 mM) and o-ketoglutarate (aKG, 5 mM).
Presented results are average values + standard deviations of two independent fermentations.

nitrogen available, only rather low ODs were reached when oia

lactobacilli grew in N-limited medium. :
Influence of a-Ketoglutarate on the PLA Formation by =

L. plantarum TMW1.468 and L. sanfranciscensiDSM20451. § 2

The accumulation of F indicates that peptide transport and o

hydrolysis are not limiting factors, whereas the transamination 0.06

is a bottleneck. To investigate whether the PLA formation can

be enhanced by stimulation of the transaminatiorketo- 0,05

glutarate and/or citric acid were added in excess, and substrate
utilization and PLA formation (Figure 3) were monitored. As

a control, a-ketoglutarate was added to medium without an
additional phenylalanine source but this addition did not enhance
PLA formation significantly (data not shown). Independent of
the supply with peptides and cosubstratessanfranciscensis
andL. plantarumgrew to an OD of 0.70.8 within 20 h and

the cell density remained essentially unchanged during further
incubation. The addition afi-ketoglutarate strongly enhanced
PLA formation inL. plantarum, and the PLA yield increased
from 5 to >30%. Corresponding to the increased PLA forma-
tion, decreased F levels were measured. The addition of citric
acid did not enhance PLA formation further. Contrary, 10 present, the addition af-ketoglutarate did not increase PLA
stimulate PLA formation by.. sanfranciscensis, the presence fqormation further.

of both a-ketoglutarate and citric acid was a prerequisite. The  stimulation of PLA Formation in L. sanfranciscensis
achieved yield was by far not as high as the yield reached by psM20451 Citric acid uptake and conversion may have several
L. plantarum; only 6% from the initially offered FS was effects on the cell. (i) Its transport into the cell influences the
recovered as PLA. This combined effectooketoglutarate and  membrane potential, an effect that is also described for the
citric acid was also observed when FL was used as a substratg ptake and subsequent decarboxylation of malic &&%J. (i)
(data not shown). In addition -ketoglurarate, pyruvate may  The cometabolism of citric acid bly. sanfranciscensisesults
additionally act as an amino acceptor to form alanine. However, jn the oxidation of one NADH to NAD: the same occurs when

Figure 4. Influence of glutamate, a-ketoglutarate, and citrate on PLA
formation by L. sanfranciscensis DSM20451T. PLA levels were measured
in nitrogen-limited MMRS medium containing either 1.7 mM FS or 1.7
mM FE and cosubstrates that were fermented for 72 h with L.
sanfranciscensis DSM204517. Used cosubstrates were (glutamate, Glu;
a-ketoglutarate, aKG; and citrate, cit) added to a concentration of 5 mM.
Shown results are average values and standard deviations of two
independent fermentations.

none of the fermentations with. sanfranciscensisand L. fructose is converted into mannitol (35). The combined effect
plantarumprovided evidence for alanine accumulation through of ¢-ketoglutarate and various cosubstrates on PLA formation
the use of pyruvate as an amino acceptor. was investigated in.. sanfranciscensisThe combination of

GDH activity enables generation a@f-ketoglutarate from citric acid anda-ketoglutarate did not influence the growth of
glutamate. The measurement of GDH activities in cell-free L. sanfranciscensi@ata not shown). Subsequently, citric acid
extracts of both strains revealed thaplantarumhad no active was replaced by fructose or malic acid, and PLA formation was
GDH, whereas cell-free extracts from. sanfranciscensis  monitored in a buffer fermentation and in nitrogen-limited MRS
displayed both GDHNAD and GDH-NADP activity, 1.8 and medium with two different substrate§igure 5). Malic acid
19.5 nmol/(mg proteinx min), respectively. IrL. sanfranci- did not enhance PLA formation, indicating that the membrane
scensisa-ketoglutarate was exchanged by the single amino acid potential does not play a role in amino acid metabolism. With
glutamate or by a glutamate-containing dipeptide. PLA levels FL being the substrate, the addition of fructose resulted in

in the medium were measured and are showRigure 4. The significantly enhanced PLA formatio?(< 0.05), although not
combined effect ofi-ketoglutarate and citric acid on amino acid as strong as observed upon the addition of citric acid.
metabolism was also observed whenketoglutarate was Influence of Branched Chain Amino Acids on the PLA

replaced by glutamate, either as a single amino acid or as partFormation by L. sanfranciscensi©DSM20451.The influence
of a dipeptide, indicating that glutamate may substitate of increased intracellular branched chain amino acids levels on
ketoglutarate in GDH-positive strains. When glutamate was PLA formation byL. sanfranciscensjsvhich harborgodY, was
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Figure 5. Influence of several cosubstrates on PLA formation by L. sanfranciscensis DSM20451T. PLA levels were measured in nitrogen-limited medium
containing either 1.7 mM FL (left panel) or 1.7 mM FS (right panel) that was fermented for 72 h with L. sanfranciscensis DSM20451". Additional
substrates (fructose, Fru; a-ketoglutarate, aKG; citrate, cit; and malate, Mal) were added to a concentration of 5 mM. Presented results are average
values + standard deviations of two independent fermentations.
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glutarate (aKG), citric acid (cit), and fructose (fru) were added to a
concentration of 5 mM.

Figure 6. Influence of the presence of branched chain amino acids on
PLA formation by L. sanfranciscensis DSM20451". PLA levels in nitrogen-
limited medium contained additional peptides fermented for 72 h with L.
sanfranciscensis DSM20451T. Presented results are average values and

standard deviations of two independent fermentations. PLA production from FS significantyR < 0.05). This effect

was not observed when fructose was added to the dough. A
combined effect of citric acid and-ketoglutarate but not of

investigated. Various combinations of dipeptides were added frctose and-ketoglutarate was also observed when FL was
to the medium. PLA levels after 72 h of fermentation are shown zqded to the sourdough (data not shown).

in Figure 6. Neither the addition of LV nor the addition of LP
to FS-containing medium decreased the PLA formation. When DISCUSSION
50% of FS was replaced by PF, FL, or FE, no significant change

(P > 0.05) in PLA levels was measured. The formation of minor metabolites is influenced by many
PLA Formation by L. sanfranciscensi©DSM20451 andL. metabolic pathways. Consequently, the formation of PLA from
plantarum TMW1.468 during Sourdough Fermentation. phenylalanine has been described as strain-dependent (8—10).

Sourdough fermentations were performed in order to examine In this work, distinct differences were observed in PLA
whether the results obtained in medium can be transferred toformation and amino acid metabolism and its regulatioi..in
PLA formation in sourdoughL. plantarumwas grown in a sanfranciscensiDSM20451 andL. plantarum TMW1.468.
standard dough and in doughs containing additional F, FS, andThese differences between the two strains are partially explained
both a-ketoglutarate and F&%.. sanfranciscensigias grown in by species specific metabolic differences; however, as only one
doughs with and without the addition of F, FS, and FS combined strain was considered for each of the species, strain specific
with citric acid, o-ketoglutarate, and fructose. The PLA levels differences may additionally influence the effect of cofactors
reached after 48 h are shownRigure 7. Proper growth of the ~ on amino acid metabolism.

strains and the absence of a metabolically relevant number of Low intracellular amino acid levels are reported to limit amino
contaminations were verified by observation of a uniform colony acid metabolism, due to the poor transport of single amino acids;
morphology on agar plates (data not shown) and by measuringtransamination of amino acids is more efficient when cells are
lactate, acetate, and ethanol levels in the doughs (data notpermeabilized37, 38) or lysed 89, 40). The peptides used in
shown). PLA is formed during dough fermentation, and its this study were all quantitatively hydrolyzed by the intracellular
production was clearly increased when F or FS was adBed ( peptidases. Accumulated F was transported out of the cell, either
< 0.1). In contrast to N-limited medium, there was no significant actively or by facilitated diffusion, or it left the cell via passive
difference detectable between the use of a dipeptide or the usdliffusion as was shown for prolinel4). In this work, it was

of a single amino acid. PLA production Hy. plantarumin shown that peptides stimulate PLA formation by lactobacilli
dough was enhanced whenketoglutarate was added. When growing in N-limited medium more than single amino acids.
L. sanfranciscensigvas used as a starter culture, the addition We therefore concluded that transport of single amino acids
of a-ketoglutarate and citric acid was needed in order to increasewas not very efficient in lactobacilli, which resulted in low
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intracellular amino acid concentrations and poor amino acid transcription repressor CodY senses intracellular levels of
conversion. This was overcome when peptides instead of singlebranched chain amino acids883, 34). L. sanfranciscensis
amino acids were used as a substrate. In sourdough, howeverDSM20451 harborsodY and the amino acid sequence of
the increase of PLA production is similar upon the addition of CodY( sanfrancsicensigiffers from CodY jacis in one amino acid
single amino acids and peptides. During sourdough fermentation,(data not shown). CodY regulation in lactis has been studied
the expression of genes involved in peptide transport is lowered, in chemically defined mediun8(, 32). In this work, however,
due to the high levels of peptides present in the doutl).( this medium could not be used since it does not support the
This could explain why peptide addition does not increase PLA growth of L. sanfranciscensig¢l1l). The increase of peptide
formation during dough fermentation. availability in sourdough has been shown to induce a CodY
Phenylalanine and PLA accumulated during fermentation régulation-like change in gene expressiot.ofanfranciscensis
whereas the intermediate metabolite phenylpyruvate remained®?SM20451 (41). We therefore assume that CodY-like expres-
below the detection level. Hence, the transaminase activity wasSion regulation can also be observed in other growth media than
lower than peptide transport, peptide hydrolysis, and phenyl- chemically deflnt_ed medium. Th_e add_|t|on of _Ieu_c_lne and valine
lactate dehydrogenase activity. Transamination is the second@S part of a peptide to the medium did not significantly change
bottleneck in PLA formation identified in this work. In many ~PLA formation nor did the addition of proline. Thus, although
other lactobacilli, transamination is the rate-limiting step in the CodY regulation-like changes in gene expression cannot be
formation of metabolites from amino acids. Because transami- €xcluded based on these data, CodY regulation does not

nation can be stimulated usingketoglutarate, cofactor avail- ~ negatively influence PLA formation by. sanfranciscensis
ability and not enzyme activity is the limiting facto24—26). DSM_20451- ) . o o
The addition ofx-ketoglutarate was sufficient to stimulate PLA !N liquid medium, 45 mM PLA is required in order to inhibit
formation in L. plantarumTMW1.468. PLA formation inL. mold growth (44). In sourdough fermentation, PLA levels did
sanfranciscensiPSM20451 was only enhanced when citric acid "0t €xceed 1.2 mM. On the other hand, local concentrations in
was added. In the case &f sanfranciscensi©SM20451, the diffusible space of doughs and breads may be higher, and

o-ketoglutarate could be replaced by glutamate, which can be @ntifungal activity of PLA in sourdough is believed to depend
explained by the GDH activity of this strain. In plantarum on synergistic effect_s with other anyfyngal compounds present
TMW1.468, the addition of FE instead of the other F-containing N the dough (7). Itis therefore anticipated that even the PLA

dipeptides to the medium did not result in enhanced PLA levels, 8vels measured here influence mold growth on baked goods.
which correlates with the absence of GDH activity. These Increased transamination not only will enhance PLA levels but
observations are in agreement with Tanous et 28),(who also will stimulate the degradation of other aromatic amino acids

reported that GDH-positive strains degrade amino acids more present in the environment, since the aminotranferases have a

efficiently in the presence of glutamate as do GDH-negative rather broad substrate specifity (18). This will cause a rise in
strains. other antifungal organic acids such as hydroxyphenyllactic acid,

A combination of citric acid and-ketoglutarate or glutamate which originates from tyrosine.

. . ) 9 . glutar The addition of-ketoglutarate and citric acid influenced PLA
was required for the stimulation of amino acid metabolism by formation in dough in the same way as was observed in
L. s_anfranC|scens®SM2_0451. Th|_s_ effect has prewously_ b_een nitrogen-limited medium. In sourdough, PLA levels are gener-
attributed to the production of additionalketoglutarate: Citric ally higher than in medium. This is at’tributable to generally
acid is ransformed to o_xalo_acetate, which serves as arn am'nohigher substrate concentrations in dough resulting in higher final
acceptor for the deamidation of glutamate resulting in the

¢ i fa-ketoalutarat d tate (30). G i ¢ cell densities in sourdough as compared to nitrogen-limited
ormation ota-ketoglutarate and aspartate ( )'. eneration ot o gium. Specifically, peptide concentrations are much higher
additionalo-ketoglutarate upon the addition of citric acid does

t exolain the stimulat ffoct ob din thi K (i) Citri than in nitrogen-limited medium. This explains the absence of
not explain the stimulatory efiect observed in this wor - (i) Citric an increase in PLA formation when F was replaced by FS in
acid was required for the efficient use of externally added

ketoalutarate. (i) A tate levels i douah i dough systems because peptide transport systems are down-
a-ketoglutarate. (.”). spartate '€vels In sourdough were no regulated during growth df. sanfranciscensi®SM20451 in
elevated, when citric acid and-ketoglutarate were added to

- o ., sourdough when the peptide availability increases (41).
the dough (data not shown). The stimulatory effect of citric acid Bottlenecks and regulation in PLA formation were found to
cannot be attributed to the generation of a pmf because malateOIi

boli hich h ble off ffer in the investigated strains. Both transport and transami-
metabolism, which has a comparable effect on proton export 4o gre limiting factors in PLA formation bl. sanfranci-

?S citric acidl, faile:j to "?Cfease_ PIf‘A prr]od_uction. Hovaever, scensiDSM20451 and.. plantarumTMW1.468. Transport can
ructose could replace citric acid for the increase of PLA o optimized when phenylalanine is offered as part of a

production from FL, WEiCh Iin_II<ed_|_the ?UX through the _trarr1]- dipeptide. InL. plantarumTMW1.468, transamination can be
saminase reaction to the availability of oxidized ':AD N the  stimulated by the addition af-ketoglutarate. IrL. sanfranci-
GDH-positive strairL. sanfranciscensi®SM20451. Therefore, scensis, the addition af-ketoglutarate is not sufficient, and

the NAD/NADH ratio in the cell appears to play a significant  ;igjc acid has to be added as well. Bottlenecks in phenylalanine

role in amino acid metabolism. The addition of fructose did \\atanolism differ in the two considered strains; therefore,
not enhance PLA formation when FS was the substrate. Serine,

. . strategies for their alleviation must be adapted for the develop-

can be converted into pyruvgte and thus |nflugnces the reqloxment of starter strains for specific applications.
status of the cell as well. This pathway of serine degradation
has been observed in lactis (42). Contrary to fructose, the  LITERATURE CITED
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effect does_not rely oh chahges in the NAD/NADH r§t|o only. Lebensm. Unters. Forscti994, 198, 202—209.

In L. lactis, aromatic aminotransferase activity is increased  (2) Schieberle, P. Intense armona compounds-useful tools to monitor

when branched chain amino acids are removed from the the influence of processing and storage on bread aréwa.
environment (43). Both iBacillus subtilisand inL. lactis, the Food Sci.1996,18, 237—244.

(1) Hansen, B.; Hansen, A. Volatile compounds in wheat sourdoughs



3838 J. Agric. Food Chem., Vol. 54, No. 11, 2006

(3) Thiele, C.; Ganzle, M. G.; Vogel, R. F. Contribution of
sourdough lactobacilli, yeast, and cereal enzymes to the genera-
tion of amino acids in dough relevant for bread flavGereal
Chem.2002,79, 45-51.

Brandt, M. J.; Roth, K.; Hammes, W. P. Effect of an exopolysac-

charide produced biactobacillus sanfranciscenslsTH1729

on dough and bread quality. Bourdough, from Fundamentals

to Applications de Vuyst, L., Ed.; Vrije Universiteit Brussel

(vUB), IMDO: Brussels, 2003; p 80.

Corsetti, A.; Gobbetti, M.; Rossi, J.; Damiani, P. Antimould

activity of sourdough lactic acid bacteria: Identification of a

mixture of organic acids produced by Lactobacillus sanfrancisco

CB1. Appl. Microbiol. Biotechnol1998,50, 253—256.

Lavermicocca, P.; Valerio, F.; Evidente, A.; Lazzaroni, S

Corsetti, A.; Gobbetti, M. Purification and characterization of

novel antifungal compounds from the sourdougittobacillus

plantarum strain 21B. Appl. Environ. Microbiol 2000, 66,

4084—4090.

(7) Schnurer, J.; Magnusson, J. Antifungal lactic acid bacteria as
biopreservativesTrends Food Sci. Technd005,16, 70-78.

(8) Magnusson, J.; Strom, K.; Roos, S.; Sjogren, J.; Schnurer, J.
Broad and complex antifungal activity among environmental
isolates of lactic acid bacteriREMS Microbiol. Lett2003 219,
129-135.

(9) Strom, K.; Sjogren, J.; Broberg, A.; Schnurerldctobacillus
plantarumMIiLAB 393 produces the antifungal cyclic dipeptides
cyclo(L-Phe-L-Pro) and cyclo(L-Phe-trans-4-OH-L-Pro) and
3-phenyllactic acidAppl. Environ. Microbiol.2002,68, 4322—
4327.

(10) Valerio, F.; Lavermicocca, P.; Pascale, M.; Visconti, A. Produc-
tion of phenyllactic acid by lactic acid bacteria: An approach
to the selection of strains contributing to food quality and
preservationFEMS Microbiol. Lett.2004,233, 289—295.

(11) Berg, R. W.; Sandine, W. E.; Anderson, A. W. Identification of
a growth stimulant fot.actobacillus sanfrancisc@ppl. Erviron.
Microbiol. 1981,42, 786—788.

(12) Foucaud, C.; Hemme, D.; Desmazeaud, M. Peptide utilization
by Lactococcus lactisndLeuconostoc mesenteroidéstt. Appl.
Microbiol. 2001, 32, 20-25.

(13) Kunji, E. R.; Mierau, |.; Hagting, A.; Poolman, B.; Konings,
W. N. The proteolytic systems of lactic acid bacteratonie
Van Leeuwenhoek996,70, 187—221.

(14) Smid, E. J.; Konings, W. N. Relationship between utilization of
proline and proline-containing peptides and growthLafto-
coccus lactisJ. Bacteriol.1990,172, 5286—5292.

(15) Smit, G.; Smit, B. A.; Engels, W. J. Flavour formation by lactic
acid bacteria and biochemical flavour profiling of cheese
products.FEMS Microbiol. Re»2005,29, 591—-610.

(16) Gummalla, S.; Broadbent, J. R. Tyrosine and phenylalanine
catabolism byLactobacilluscheese flavor adjuncts. Dairy Sci.
2001,84, 1011—-1019.

(17) Helinck, S.; Le Bars, D.; Moreau, D.; Yvon, M. Ability of
thermophilic lactic acid bacteria to produce aroma compounds
from amino acidsAppl. Environ. Microbiol.2004,70, 3855—
3861.

(18) Yvon, M.; Thirouin, S.; Rijnen, L.; Fromentier, D.; Gripon, J.
C. An aminotransferase froiractococcus lactignitiates conver-
sion of amino acids to cheese flavor compourspl. Endron.
Microbiol. 1997,63, 414—419.

(19) Engels, W. J. M.; Alting, A. C.; Arntz, M. M. T. G.; Gruppen,
H.; Voragen, A. G. J.; Smit, G.; Visser, S. Partial purification
and characterization of two aminotransferases ftattococcus
lactis subsp cremoris B78 involved in the catabolism of
methionine and branched-chain amino acids.Dairy J. 2000,

10, 443—452.

(20) Amarita, F.; Requena, T.; Taborda, G.; Amigo, L.; Pelaez, C.
Lactobacillus caseandLactobacillus plantaruninitiate catabo-
lism of methionine by transaminatiod. Appl. Microbiol.2001,

90, 971-978.

4)

®)

(6)

Vermeulen et al.

(21) Smit, B. A.; Engels, W. J.; Wouters, J. T.; Smit, G. Diversity of
L-leucine catabolism in various microorganisms involved in dairy
fermentations, and identification of the rate-controlling step in
the formation of the potent flavour component 3-methylbutanal.
Appl. Microbiol. Biotechnol2004,64, 396—402.

(22) Broadbent, J. R.; Gummalla, S.; Hughes, J. E.; Johnson, M. E.;
Rankin, S. A.; Drake, M. A. Overexpression béctobacillus
casei D-hydroxyisocaproic acid dehydrogenase in cheddar
cheeseAppl. Environ. Microbiol.2004,70, 4814—4820.

(23) Groot, M. N. N.; de Bont, J. A. M. Conversion of phenylalanine
to benzaldehyde initiated by an aminotransferasestobacillus
plantarum.Appl. Environ. Microbiol.1998,64, 3009—3013.

(24) Banks, J. M.; Yvon, M.; Gripon, J. C.; Fuente, M. A.; Brechany,

E. Y.; G, W. A; Muir, D. D. Enhancement of amino acid

catabolism in Cheddar cheese using a-ketoglutarate: amino acid

degradation in relation to volatile compounds and aroma

characterlnt. Dairy J. 2001,11, 235—243.

Williams, A. G.; Noble, J.; Banks, J. M. The effect of alpha-

ketoglutaric acid on amino acid utilization by nonstaittecto-

bacillusspp. isolated from Cheddar cheesett. Appl. Microbiol.

2004, 38, 289—295.

Yvon, M.; Berthelot, S.; Gripon, J. C. Adding alpha-ketoglutarate

to semi-hard cheese curd highly enhances the conversion of

amino acids to aroma compoundist. Dairy J. 1998,8, 889—

898.

Casey, M. G.; Bosset, J. O.; Butikofer, U.; Frohlich-Wyder, M.

T. Effect of alpha-keto acids on the development of flavour in

Swiss Gruyere-type cheedeebensm.-Wiss. Techn@004,37,

269—273.

Rijnen, L.; Courtin, P.; Gripon, J. C.; Yvon, M. Expression of

a heterologous glutamate dehydrogenase gereatococcus

lactis highly improves the conversion of amino acids to aroma

compoundsAppl. Environ. Microbiol.2000, 66, 1354—1359.

Tanous, C.; Kieronczyk, A.; Helinck, S.; Chambellon, E.; Yvon,

M. Glutamate dehydrogenase activity: A major criterion for the

selection of flavour-producing lactic acid bacteria strafgonie

Van LeeuwenhoeR002,82, 271—-278.

Tanous, C.; Gori, A.; Rijnen, L.; Chambellon, E.; Yvon, M.

Pathways for alpha-ketoglutarate formationlactococcus lactis

and their role in amino acid catabolisint. Dairy J. 2005,15,

759—770.

(31) Guedon, E.; Serror, P.; Ehrlich, S. D.; Renault, P.; Delorme, C.
Pleiotropic transcriptional repressor CodY senses the intracellular
pool of branched-chain amino acidsliactococcus lactisMol.
Microbiol. 2001,40, 1227—-1239.

(32) Chambellon, E.; Yvon, M. CodY-regulated aminotransferases
AraT and BcaT play a major role in the growth lodictococcus
lactisin milk by regulating the intracellular pool of amino acids.
Appl. Environ. Microbiol.2003,69, 3061—3068.

(33) Petranovic, D.; Guedon, E.; Sperandio, B.; Delorme, C.; Ehrlich,
D.; Renault, P. Intracellular effectors regulating the activity of
theLactococcus lacti€odY pleiotropic transcription regulator.
Mol. Microbiol. 2004,53, 613—621.

(34) Shivers, R. P.; Sonenshein, A. L. Activation of tBacillus

subtilisglobal regulator CodY by direct interaction with branched-

chain amino acidsMol. Microbiol. 2004,53, 599—611.

Stolz, P.; Vogel, R. F.; Hammes, W. P. Utilization of electron

acceptors by lactobacilli isolated from sourdoughlLactoba-

cillus pontis,L. reuteri, L. amylovorus, and.. fermentumZ.

Lebensm. Unters. Forsch995,201, 402—410.

Konings, W. N.; Lolkema, J. S.; Poolman, B. The generation of

metabolic energy by solute transpdktch. Microbiol. 1995 164

235—242.

Martinez-Cuesta, C.; Requena, T.; Pelaez, C. Effect of bacte-

riocin-induced cell damage on the branched-chain amino acid

transamination byLactococcus lactisFEMS Microbiol. Lett.

2002,217, 109—113.

Thage, B. V.; Houlberg, U.; Ardo, Y. Amino acid transamination

in permeabilised cells dfactobacillus heleticus Lb. paracasei

andLb. danicusJ. Dairy Res.2004,71, 461—470.

(25)

(26)

@7

~

(28)

(29)

(30)

(35)

(36)

37

~

(38)



Influence of Peptide Supply and Cosubstrates

(39) Hannon, J. A.; Wilkinson, M. G.; Delahunty, C. M.; Wallace, J.
M.; Morrissey, P. A.; Beresford, T. P. Use of autolytic starter
systems to accelerate the ripening of cheddar chéas®airy
J. 2003,13, 313—323.

(40) Valence, F.; Deutsch, S. M.; Richoux, R.; Gagnaire, V.; Lortal,
S. Autolysis and related proteolysis in Swiss cheese for two
Lactobacillus helveticustrains.J. Dairy Res.2000,67, 261—
271.

(41) Vermeulen, N.; Pavlovic, M.; Ehrmann, M. A.; Ganzle, M. G.;
Vogel, R. F. Functional characterization of the proteolytic system
of Lactobacillus sanfranciscensi3SM 20451T during growth
in sourdoughAppl. Environ. Microbiol.2005,71, 6260—6266.

(42) Novak, L.; Loubiere, P. The metabolic networkl@fctococcus

lactis: Distribution of C-14-labeled substrates between catabolic

and anabolic pathways. Bacteriol.2000,182, 1136—1143.
(43) Yvon, M.; Chambellon, E.; Bolotin, A.; Roudot-Algaron, F.

J. Agric. Food Chem., Vol. 54, No. 11, 2006 3839

(BcaT) isolated fronLactococcus lactisubspcremorisNCDO
763. Appl. Environ. Microbiol.2000,66, 571—577.

(44) Lavermicocca, P.; Valerio, F.; Visconti, A. Antifungal activity
of phenyllactic acid against molds isolated from bakery products.
Appl. Environ. Microbiol.2003,69, 634—640.

(45) van Kranenburg, R.; Kleerebezem, M.; Vlieg, J. V.; Ursing, B.
M.; Boekhorst, J.; Smit, B. A.; Ayad, E. H. E.; Smit, G.; Siezen,
R. J. Flavour formation from amino acids by lactic acid
bacteria: Predictions from genome sequence analysidairy
J.2002,12, 111—121.

Received for review November 4, 2005. Revised manuscript received
March 24, 2006. Accepted March 29, 2006.

Characterization and role of the branched-chain aminotransferaseJF052733E



