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Formation of flavor compounds from branched-chain a-keto acids in fermented foods such as cheese
is believed to be mainly an enzymatic process, while the conversion of phenyl pyruvic acid, which is
derived from phenylalanine, also proceeds chemically. In this research, the chemical conversion of
o-keto acids to aldehydes with strong flavor characteristics was studied, with the main focus on the
conversion of a-ketoisocaproic acid to the aldehyde 2-methylpropanal, and a manganese-catalyzed
reaction mechanism is proposed for this conversion. The mechanism involves keto—enol tautomerism,
enabling molecular oxygen to react with the S-carbon atom of the a-keto acid, resulting in a peroxide.
This peroxide can react in several ways, leading to unstable dioxylactone or noncyclic intermediates.
These intermediates will break down into an aldehyde and oxalate or carbon oxides (CO and CO5).
All the a-keto acids tested were converted at pH 5.5 and in the presence of manganese, although
their conversion rates were rather diverse. This chemical reaction might provide new ways for
controlling cheese flavor formation with the aim of acceleration of the ripening process or diversification
of the flavor characteristics.
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INTRODUCTION sion of PPA was demonstrated by Villablanca et &b)(and
M fl inf ted product derived f . by Nierop Groot et al.16), and the conversion of KMBA to
any flavors in fermented products are derivead rom amino methylthioacetaldehyde has been identified by Yvon et al.

acids. Examples of important amino-acid-derived flavor com- 7 . .
pounds in ch?eese are gldehydes such as benzaldehyde, 2-met personal communication). The conversion of phenylpyruvic

A cid is due to oxidation by molecular oxygen and is catalyzed
ylpropanal and 3- and 2-methylbutanal, but also methionine- . -
derived sulfur compounds, such as methanethiol and DMDS by divalent cations such as manganek, (6).

(1—4). Most flavor forming reactions in fermented products such The reactivity of ketones such asketo acids is mainly due
as chéese are enz matig (5—9). Protein de radgtion is initiatedt0 the existence of their enol tautomeds/¢-19). Molecular
y : g oxygen is able to react with the enol, leading to the formation

The amino acids are mostly enzymalically ransaminated i the O & PEroxide on thei-carbon atom (20). The nature of his
yenzy y peroxidation is not totally clear and might as well proceed

bacterial cell to the correspondingketo acid (1, 12). These . . . . .
a-keto acids can be converted to various metabolites, such asdlrectly as via a radical mechanisi?Q, 21). The very reactive

; peroxide intermediary op-methoxyphenylpyruvate can react
g‘_ie?édgg?édgfl:Sginseuzwlrcic;r?groéj;:;pr:;enct;)nngg :ﬁ;;ﬁq‘a;:—_hewith the acid or keto carbon atom of the molecule, resulting in
cally decarboxylated by a numberlosﬁctocoécus lactistrains a dioxylactone or dioxyethanol, although the latter reaction only

. occurs under basic, non nucleophilic conditions (22). The
to 3—methylb_utana|](3, 14)'. Although most Qf these reactions unstable dioxylactone formed froprmethoxyphenylpyruvate
are enzymatic, the-keto acids of phenylalanine (phenylpyruvic

acid = PPA) and methionine (KMBA) are also chemically will decompose into an aldehyde and the carbon oxides;(CO

converted to flavor compounds such as benzaldehyde anoland CO) 22). A hydrophilic solvent, like water, is also able to

methylthioacetaldehyde. The occurrence of the chemical conver-reaCt with the keto function of the peroxide intermediate,
y yde. resulting in a noncyclic intermediat2Z). Oxalic acid and water

can be split off, leaving an aldehyde. To summarize, the
. *_T%T%Tscgggiggn%encel_ShOmdtbe é_ltddfessedl- Fe31 318 659538. conversion of several keto acids depends strongly on the
a)f('mzo Food Resea'rch-.mal' gerit.smit@nizo.nl. circumstances (e.g., solvent and pH), but the products of these

* Wageningen University. reactions are an aldehyde and oxalate or carbon oxides.
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This research focuses on revealing the characteristics and
reaction mechanism of the chemical conversion-deto acids,
leading to compounds relevant for fermented foods. It is
important to note that the conversion of substrates present in;
the food takes place under mild conditions. The branched chain
o-keto acid of leucineg-ketoisocaproic acid, was chosen for
this study because its conversion product, 2-methylpropanal,
has an important flavor impact in foods.

Mh-1)

Conversion rate (u

MATERIALS AND METHODS

The Chemical Conversionwas assayed in a 20-mL headspace vial 0 . . . .
with a reaction volume of 5 mL or in 1 mL HPLC vials, with a reaction 0 10 20 30 40 50
volume of 0.5 mL. Final concentrations of reactants in the reaction
mixture were 50 mM buffer, 10 mM metal chloride salt, 10 mM
substrate. Standard conditions were succinate buffer (pH 5.5), manga-Figure 1. Effect of manganese concentrations on the conversion rate of
nese chloride, and-ketoisocaproic acid as substrate. Buffers were KICA to 2-methylpropanal (succinate buffer, pH 6.0).
succinate (pH 3.56.5), glycerolphosphate (pH 4:5.2), bis-Tris-
propane (pH 6.47.4), HEPES (pH 6.47.8), and Tris-HCI (pH 7#8).

Concentration Mn (mM)

Metal salts: MnCJ, MnSQ;,, MgCl,, CaCl, CuCk, FeCl, FeCk, CoCb, 220 nm to detect the compounds in both system configurations.
ZnCl,, and NaCl. Substrates used in this study wesleetoisocaproic Concentrations were calculated using separate calibration samples
acid (KICA), 2-oxo-3-methyl pentanoic acidi-ketoisovaleric acid, containing 4, 6, 8, and 10 mM of the acids in 50 mM succinate buffer
o-ketohexanoic acidy-ketopentanoic acidy-ketobutanoic acid, pyruvic (pH = 5.5).

acid, 4-methylthio-2-oxobutanoic acid (KMBA), phenylpyruvic acid Gas Chromatography.GC was used to determine the concentrations

(PPA), 3-(4-hydroxyphenyl)-2-oxopropanoic acid, 3-indol-3-yl-2-0xo-  of O, and CQ in the headspace. The reaction mixtures were prepared
propanoic acid (indole pyruvate), 2-oxopentanedioic acid, 4-methyl- as described above and incubated at@0Before each measurement,
pentanoic acid, 3-methylbutanoic acid, and 2-methylpropanoic acid. samples were inverted four times and cooled to°g5 For 5 s, a
All substrates were analytical grade and obtained from Sigma (Zwijn- headspace sample was taken and analyzed on a CP2001 gas chromato-
dreCht, The Netherlands) or Fisher (Landsmeer, The Nether'ands). Atgraph (Chrompack’ Midde|burg’ The Netheﬂands), equipped with a
t= 0, substrate was added to the rest of the reaction miXtUre, and theHayeSep A column (25 Cm) and a MS 5A column (4 m) Because the
vial was closed (including 15 mL air in the headspace), and placed in sampled volume was about 0.5 mL, and samples were analyzed in
a incubator which was shaking at 500 rpm for 10 s on/5 s off intervals quadruplicate, a separate reaction vial was used each time interval.
at 40°C (Combi Pal, CTC Analytics, Zwingen, Switzerland). Concentrations were calculated by using air (21% @033% CQ)

Direct Inlet Mass Spectrometry (DI-MS) was used for the on-line  and a calibration gas (1.00% GQ.00% Q) for calibration.
monitoring of product formation. The method used was a slightly
adapted version of the method published previoug).(At regular
intervals, a 15Q¢L headspace sample was taken from the incubator.
The sample was injected with a 1.0-mL syringe at’60and 20uL/s The production of branched chain aldehydes from amino acids
by the Combi Pal auto sampler (CTC Analytics, Zwingen, Switzerland) in cheese is believed to be a two step process consisting of a
into the gas chromatograph (CE-Instruments, Milan, ltaly). The GC ansaminating step and decarboxylating step. Leucine, the most
was equipped with an 8-m« 0.1-mm deactivated silica column o \nqant hranched-chain amino acid in cheese, is transaminated
(Interscience, Breda, The Netherlands). Helium was used as carrier gasto a-ketoisocaproic acid (KICA), which can subsequently be

with a column flow of 2.5 mL/min and split flow of 10 mL/min. The . .
oven temperature was 15C. Single ions atn/z= 58, 72, and 105 decarboxylated to 3-methylbutandl3). Under certain condi-

were recorded by a quadrupole mass spectrometer (Trace MS, CE-ions, fermented dairy products had unexpectedly high 2-meth-
Instruments, Milan, Italy). These specifi#z values represent fragments  Ylpropanal concentrations (unpublished data). This flavor com-
of 3-methylbutanal, 2-methylpropanal, and benzaldehyde, respectively. pound is believed to be produced from valine via an enzymatic
Acquisition time was 30 s. The height of the response at a givén pathway similar to the one elucidated for leucine, witheto-
value is directly correlated to the concentration of the compound. jsovaleric acid as the intermediat®—«7). To control cheese
Quantification was done by using a calibration curve ranging from 10 flayor formation, it is important to understand the characteristics
to 1000uM in the same buffer as that used in the experiments, which 4 these enzymatic conversions. Studying the enzymatic decar-
was analyzed before and after each experiment in triplicate. The boxylation of KICA by static headspace measuremet8} 6f
conversion_rate is defined as the change of concentration in time, incubations of cell free extract (CFE) afactococcus lactis
expressed ipM/h. B1157 with KICA revealed that the concentration of 2-meth-

High-Pressure Liquid Chromatography. HPLC was used for the .
determination ofx-keto acids and organic acids. The reaction mixture ylpropanal also increased (data not shown) althougé-keto-

was prepared as described above and incubated in a model 717 autéSOvaleric acid was added to these incubations. Repetition of
sampler (Waters, Milford, MA) at 46C. At regular intervals, samples ~ the experiment with cooked CFE, thereby inactivating the

(25 uL) were taken and injected to the system. For the analysis of decarboxylating enzyme, still led to the same increase of
polar molecules (pyruvic acid, 2-oxobutyric acid, 2-oxopentanedioic 2-methylpropanal concentration. This suggested that KICA could
acid, and oxalate) the system consisted of a LC-10AT pump (Shimadzu, also be converted chemically with 2-methylpropanal as one of

Tokyo, Japan), pumping 0.01 M methane sulfonic acid with an isocratic the products. This reaction was studied in more detail using
flow of 0.6 mL/min over a Rezex Fast Fruit precolumn (100-7.8- direct inlet mass spectrometry.

mm) and a double Rezex Organic Acid column (300-7.8-mm, ) )
Phenomenex, Torrance, Ca) at 3D. The other acids were analyzed None of the tested metal-salts, except the mangenese-salts,

using the same system, but equipped with a wide pase RP column were able to catalyze the reactipp at a concentration of 10 mM
(250- x 4.6-mm, Bio-Rad, Veenendaal, The Netherlands), and com- €ither at pH 5.5 or pH 7.5. Addition of 10 and 20 mM EDTA
ponents were eluted at 4C with a gradient from 5 to 30% acetonitrile 10 reaction mixtures containing 10 mM MnCiesulted in a

in demineralized water containing 0.1% trifluoracetic acid (TFA). A decrease in the conversion rate to 12 and 4% respectively,
model 1481 Lamda-max detector (Waters, Milford, MA) was used at indicating the need for free manganese ions. The correlation

RESULTS AND DISCUSSION



Conversion of o-Keto Acids in Foods J. Agric. Food Chem., Vol. 52, No. 5, 2004 1265

oy A
=
g E
o g ~
150 ~— = S
£ - s g
=] -~ 8 —
= 100 A — = 2
g =] g E
= g s 3
50 o 0
3 g S 2
N > S &
T O u
3 4 5 6 7 8
pH Time (h)
Figure 2. Effect of pH on the conversion rate of KICA to 2-methylpropanal. B
(10 mM KICA, 10 mM MnCl,, and the following buffers: succinate (O), 130 0
glycerophosphate (4), bis-TRIS-propane (O), HEPES (+) and TRIS (@®)). E
E ~
2 B 3
between the manganese concentration and the conversion rat -£ g2 g
is shown inFigure 1. The optimal manganese concentration 3 ' ) E
(>10 mM) was much higher than expected for a catalyst. This g E 2
might suggest that MiT acts as reactant instead of catalyst, or 5, & 2
only a fraction of the manganese dissolved is present in the 3 & g
catalytic active form. O o4 . . _ _ |0 o
The correlation between pH and conversion rate was deter- o 2 3 4 5 8 7 8
mined using several buffers for pH values that are relevant for Time (h)

fermented dairy products (pH 4-8) (Figure 2). The pH of g0 3 Oxygen (0) consumption and production of 2-methylpropanal
Gpuda Che.ese |S. about 55(23), and the intracellular pH of the (0), carbon dioxide (CO,) () and oxalate (x) during the chemical
microorganisms in cheese is close to neuted, €5). A local conversion of KICA at pH 5.5 (A) and 7.5 (B) in the presence of 10 mM

maximum conversion was found at pH 5.5, but at pH 8 the yan0anese. The dotted line represents the sum of oxalate and CO.
conversion rate was even higher. At pH 8, even higher

conversion rates were expected, but the formation of a brown
precipitate (MnQ) at this pH resulted in noninterpretable results. and the increase of the sum of oxalate and, Cl@arly correlate
Varying the substrate concentration between 0.5 and 50 mM with ratios close to 1. However, the oxygen consumption in
resulted in an almost linear increase of the conversion rate underrelation to the 2-methylpropanal production is slightly larger at
the conditions tested (excess of oxygen is present in the airhigh pH. This could again be caused by the oxidation of
present in the headspace, 10 mM MyQdH 6.5) (data not manganese to MnQas described earlier. No further quantitative
shown). Oxygen is essential for the reaction because very low measurements were done to confirm this.
oxygen concentrations (0.1%) in the reaction vial led to a major  Our finding of chemical conversion of KICA shows that the
decrease in the conversion rate90%). Moreover, oxygen was  chemical conversion ofi-keto acids in fermented foods will
found to be consumed during the reactiéiiglire 3). not be limited to PPA and KMBA. More information on the
For a better understanding of the reaction mechanism, it is conversion of several other substrates is therefore desired to
important to know which products are formed. For the conver- estimate the impact of this reaction on the degradation of other
sion of KICA to 2-methylpropanal, two carbon atoms have to a-keto acids in fermented products. Therefore, we incubated a
be cleaved off, and the expected products are oxalic acid and/variety of differento-keto acids and organic acids and deter-
or carbon oxides (CO and GJ) based on the homology with  mined their conversion by HPLC. The substrates were chosen
other reactions (20—22). The formation of these products was based on their involvement in the amino acid catabolism or just
measured for reactions proceeding at pH 5.5 and 7.5 by use ofas model substrates (linear keto acids and branched organic
direct inlet mass spectrometry, GC, and HPLC simultaneously. acids). InTable 1, the relative conversion rates and structures
The HPLC method was also optimized for detection of other of the substrates tested are shown. The results indicate that the
di- and mono-carbonic acids, in case the two carbon atomsreaction is limited too-keto acids, and in general, substrates
would split off in a different manner. Oxalate and carbon dioxide with electron withdrawing side chains are converted faster. Also,
were the only products detected, but the GC columns were nottwo hydrogen atoms on thfecarbon atom seem to be preferable
suitable for measurement of CO. These two products are formedto one.
via different mechanisms. Per molecule of 2-methylpropanal The reactivity ofo-keto acids is mainly due to the existence
formed, either one molecule of oxalate or one molecule 0§ CO of their enol tautomersl({, 18). This was tested by measuring
were formed. In the case where g@as formed, this must  the conversion of the organic acid similar to KICA but lacking
have been accompanied by CO or formiate to complete the the keto-group (isohexanoic acid). This organic acid and other
balance of elements. Formiate was not detected by HPLC organic acids were not converted under the conditions tested.
analysis, which is in agreement with the findings of the However, “linearized” KICA (2-keto hexanoic acid) was
conversion op-hydroxyphenylpyruvate and phenylpyruve2é ( converted with approximately the same conversion rate as
22,26). The quantitative headspace data were processed, takindKICA. The organic acids tested are probably not able to form
gas-liquid equilibria (Henry's law Knco, = 0.034 M/atm Ko, the reactive enol tautomers. Therefore, we conclude that the
= 0.0013 M/atm (27)) and acid—base equilibria (to calculate keto group (and the formation of the enol tautomer) is most
[HCO37] (Kanco, = 2.3+ 108 M)) into account. The results  likely essential for this oxidation reaction. The amount of the
are combined irFigure 3. The increase of 2-methylpropanal enol present in the equilibrium can be stabilized by intramo-
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Table 1. Relative Conversion Rates of Several (o-Keto) Acids under Standard Conditions (Succinate, pH 5.5, 10 mM Mn)?

Substrate Structure Relative Related
*
Conversion rate Amino acid

Phenylpyruvic acid (PAA) - 100% Phenylalanine
Q. e]
p -hydroxyphenylpyruvate — 54%, Tyrosine
HO \ / OH
8]
2-oxopentanedioic acid <>W<> 32% Glutamic acid
ol o
o-Ketomethylthio butyric acid (KMBA) . o 18% Methionine
| O
9]
a-Ketoisocaproic acid (KICA) )\)l\fo 29% Leucine
OH
o]
o-Keto--methyl-pentanoic acid WO 2% Isoleucine
o1
o]
a-Ketoisovaleric acid W” 3% Valine
O
e}
o-Ketohexanoic acid W)kfo 44%,
Okl
[s)
a-Ketopentanoic acid Wo 47%
on
Q
a-Ketobutanoic acid \)kf“ 35%
OH
o
o-Ketopropanoic acid )J\]%O 5%
Oon
Isohexanoic acid Wo 0%
ol
Isopentanoic acid W" 0%
Ot
Isobutanoic acid 0%

L

on

2 The standard deviation of the duplicate measurements is relative to the conversion of PAA. The amino acid substrates for the o-keto acids are mentioned in the last
column. *Relative standard deviations of the values presented are in all cases < 3.5%.

lecular hydrogen bonds and by conjugation of the carbon—  On the basis of homology with several other ketones, the

carbon double bond with the carbonyl groufy (28). Keto— next step in the oxidation is most probably the formation of a
enol tautomerization is generally catalyzed by acid or base, butperoxide on theS-carbon atom (20). This oxidation might
bivalent metal ions can also accelerate this reactiof) 26, proceed directly or via a radical mechanism (2@). In the

29). A minimum in the conversion rates of KICA to 2-meth- latter case, electron transfer of the nucleophilic enolate ion to
ylpropanal near neutral pH was confirmed in our experiments. molecular oxygen results in anrketo radical (2829, 31). The

We found a major catalytic effect of manganese ions; however, propagation step involves the addition of molecular oxygen,
we did not find effects of other divalent metal ions, as was resulting in a hydroperoxy radica2@). This radical can transfer
described for PPA conversioB(). If the main catalytic effect  the electron to another enol, leaving a nevketo radical and

of manganese under the conditions tested is enhancement of a-keto hydroperoxide (2981).

the tautomerism by, for example, increasing the conversion rate  The very reactive peroxide intermediary can react with the
or stabilizing the enol tautomer, ketenol tautomery most  acid or keto carbon atom of the molecule resulting in a
probably determines the rate of the overall conversion. This is dioxylactone or dioxetanol. The cyclization to the dioxethanol
also indicated by the slow conversion of 2-oxo-3-methyl is not a spontaneous reaction and only occurs under basic, non
pentanoic acid and-ketoisovaleric acid compared to their linear nucleophilic conditions22). The unstable dioxylactone will
equivalent. Theg-carbon atom of 2-oxo-3-methyl pentanoic acid decompose into an aldehyde (RO), and the carbon oxides
and a-ketoisovaleric acid is methylated, leaving only one (CO, and CO) (22). A hydrophilic solvent like water is also
B-hydrogen atom, which is essential for the tautomerism, and able to react with the keto function of the peroxide intermediary,
thereby might slow the conversion. resulting in a noncyclic intermediar22). Oxalic acid and water
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can be split off, leaving an aldehyde (RO). We identified LITERATURE CITED
both CQ and oxalate during conversion of KICA. This indicates
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