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Development of an Enzymatic Method To Quantify Methyl
Ketones from Bacterial Origin
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Methyl ketones are detected in dry fermented sausages in which they contribute to the cured aroma.
They have been associated with the inoculation of Staphylococcus carnosus used as starter culture.
To evaluate the ability of bacterial starters to produce methyl ketones it was necessary to develop a
rapid method. The method consists of a reaction catalyzed by a commercial NADPH-dependent alcohol
dehydrogenase that reduces the 2-pentanone to its secondary alcohol. The linearity, the specificity,
and the robustness were studied. Its accuracy was confirmed by comparison with the gas
chromatography technique. Finally, the method was validated on biological samples such as the
2-pentanone produced by Staphylococcus carnosus. The enzymatic method offers some advantages
over the gas chromatography, as it is faster, simpler, and inexpensive, guaranteeing an effective
way to assess bacterial ketone production.
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INTRODUCTION recently, gas—liquid chromatography associated with mass-
Aliphatic methyl ketones are ubiquitous in nature and can spectrometry and direct sampling techniques (dynamic or static

be found in diverse sources such as plants, dairy products ancpead_s_pace) have begn developed fan.d are the most sensitive and
the odorous secretions of insect. (It was éarly recognizeél specific methods available for providing information about the

that methyl ketones of intermediate chain length were metabolic composition of food volatile compoundé, .(14_16)' However,
products of certain fungi and made an important contribution all the§e methOdS havg Some Inconveniences, .SUCh asllen.gthy
to the flavor characteristics of mold-ripened che&s8&), Later, analys_|s times, complicated sample preparation (derivative
Berdagué et al4) and Montel et al.§) showed that inoculation formathr_l,_Le., DNP hyqraz_ones), solvent extractions, or lack
of Staphylococcus carnosum Staphylococcus xylosusto of sgnsmwty fgr quantlflcatlon assays. ] )
sausage mixture increased the level of some volatile compounds, With the objective to study the metabolic pathway involved
including ketones, which contributed to the cured aroma. In In methyl ketone production bgtaphylococcus, we were first
filamentous fungi, it is often mentioned that methyl ketones are interested in finding a fast and practical method to carry out
formed from an incompletg-oxidation of medium chain fatty ~ €nzymology research. Then, we developed a simple enzymatic
acids (6). This pathway includes the releasg-&etoacyl CoA meth_o_d with det_a|led validation obtaining an accurate ar_ld
esters that are deacylated infeketoacids and finally decar- sensitive evaluation of 2-pentanone production from bacterial
boxylated into methyl ketones. Although th@-oxidative origin. The procedure developed employs a thermostable
pathway inStaphylococcus carnoshas already been described NADPH-dependent alcohol dehydrogenase (EC 1.1.1.2) with a
(7), the final step off-decarboxylation leading to GOand broad suk_)strate rangdq). This enzyme reduces the mgthyl
methyl ketone has not yet been identified. _ketqne to its secondary alcohol and the rate of NADPH oxidation
According this pathway, the decarboxylation can be measurediS directly related to the ketone content.
by either CQ or methyl ketone quantification. As the former
could be produced by other metabolic reactions, it is necessaryEXPERIMENTAL PROCEDURES
to use radioactive substrates to measure specifically marked CO

€ E:])' hod | | d | latil (5—15 units/mg protein)3-NADPH, and esterase from porcine liver
The methods most commonly employed to evaluate volatile (250 units/mg protein) were obtained from Sigma-Aldrich Co. (St.

carbonyl groups in biological materials are physicochemical | oyis, MO). The 2-pentanone (99% redistilled) and buffer salts were
techniques, such as liquidiquid column paper chromatography  analytical reagent grade products from Aldrich Co., Inc. (Milwaukee,
(9), thin-layer chromatographyLQ, 11) and some spectrometric ~ wi).

Materials. Alcohol dehydrogenase froithermoanaerobium brockii

methods such ultraviolei) or infrared absorptionl@). More Enzymatic Reaction. The enzymatic reduction of 2-pentanone by
the alcohol dehydrogenase (ADH) was monitored spectrophotometri-
* To whom correspondence should be addressed. Telephé660)4 cally with a Shimadzu UV-Visible 160A spectrophotometer in kinetic

73 62 41 70. Fax:+3(0)4 73 62 42 68. E-mail: talon@clermont.inra.fr.  mode. The reaction mixture, in TrdHCl buffer (100 mM, pH 7.8)
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Table 1. Effect of Factor Slight Variations on 2-Pentanone 0.10 - NADPH oxidation
Measurement? OD 334 nm
normalized values 0.08 -
factor -1 +1 prob. AX Ay
0.06 -
temperature (°C) 39 41 * 1°C 3%
pH 7.7 7.9 NS 0.1 4%
wavelength (nm) 333 335 NS 1nm <1% 0.04
enzyme units 0.019 0.021 ok 0.001 6%
final volume (L) 990 1010 NS 10 uL 1%
incubation time (min) 9 11 ok 1 min 11% 0.02 4
@ Ay, variation of ketone measurement; Ax, factor variation; probability - *** p 0.00 : . . . . ‘
< 0.1%; ** 0.1% < p < 1%; * 1% < p < 5%; NS, not significant. 0 100 200 300 400 500 600

2-nentanone (£M)

and made up to a final volume of 1 mL, contained the following Figure 1. Standard curve of 2-pentanone.
reagents: 20@L of 2-pentanone (0—50@M), 100 uL of 3-NADPH

(100 mM), 20.8uL of ADH solution (0.94 units/mL). The kinetic of GC- Method

(peak area)

. . . 20000 -
B-NADPH oxidation was followed continuously at 334 nm and°40

during 10 min. Thes-NADPH and enzyme solutions were kept in ice.

Development of the Enzymatic Method.Each enzymatic ketone
assay was made in quadruplicate. The linearity, the specificity, and
the robustness tests were made following the statistical data analysis 12000 -
proposed by Feinberg (18).

Linearity of the MethodTo determine the limits of the linear domain, 8000 |
five independent solutions of 2-pentanone (100 mM) were prepared
and then diluted to establish a calibration curve in the O to &00

16000 -

range. A linear regression was performed and a Fisher test was used to 4000 1
verify the linear hypothesis.

Specificity of the Method.o evaluate possible interference with the °‘o ‘A‘;{;"""o'oz 005 004 005 006 007
matrix of biological samples four assays were undertaken in dupli- ’ Enzymatic Method (OD 334 nm)

cate: (1) blank, only reactives and solvents; (2) a standard of a known
concentration of 2-pentanone; (3) a biological sample (described below) Figure 2. Correlation between the enzymatic and gas chromatography
with an unknown concentration of 2-pentanone; (4) the biological methods for 2-pentanone quantification. Each point is the average of three
sample (3) with addition of the standard (2). Two linear regressions independent assays.
were made combining (a) the results of the assays (1) and (2) and (b)
the results of the assays (3) and (4). One hypothesis is tested: the slopeghe cells by centrifugation (150@). The supernatants containing
of the two lines are equal. 2-pentanone were kept at20 °C until enzymatic quantification as

Robustness of the Method. Robustness is a measure of the capacitgescribed above. Three independent assays were carried out. The results
of the method to remain unaffected by slight operating modifications. were expressed aamol of 2-pentanone/h/0.2 g of wet weight cells.
An experimental protocol was set up as a factorial fractional design
(2°73). A lower and an upper level for each variable were determined ResuLTS
as shown inTable 1. A multiple linear regression analysis was per- ] )
formed on the normalized data. The parameters of the regression were Development of the Enzymatic Method The NADP-linked
studied in order to determine the influence of each variable on the ADH from a thermophilic bacterium was used to catalyze the
response. reduction of 2-pentanone to 2-pentanol. To develop the enzy-

Determination of 2-Pentanone by Gas Chromatography (3@ matic method we have studied the linearity, the accuracy, the
GC analyses were carried out to assess the accuracy of the enzymati¢obustness, and the specificity.
method. Three stock solutions of 2-pentanone (100 mM) were prepared | jnearity Test. Although ADH has a higher affinity for
and diluted in dichloromethane in a range from 0 to 400. The secondary alcohols, it was possible to quantify 2-pentanone
2-pentanone solution was injected directly into a gas chromatograph . \ents “The reduction of 2-pentanone by ADH was linear in
(Agilent HP 8890A) coupled to a flame ionization detector (FID). The - .

the range 0—50@M (Figure 1). Least-squares analysis gave a

chromatographic conditions were as follows: an apolar capillary SPB5 . - . .
column (length 60 m, internal diameter 0.32 mm), an injection good correlation coefficienR€ = 0.99) and the Fisher test (3.56;

temperature of 240C, a GC oven temperature from 40 to 150 6.12) was also highly significant. A quantification limit of 100
with a slope of $C/min, mode splitless, and helium vector 1 mL/min.  #M (8.6 ppm) was calculated.
The elution of 2-pentanone was identified by its retention time. Accuracy. The reliability of the enzymatic method was

Biological Samples Bacterial Strain and Growth Conditions.  checked by comparison with the GC reference method. Results
Staphylococcus carnosu833 strain was grown in MC (19) or  were analyzed by plotting 2-pentanone values measured by GC
chemically defined (20) media for 24 h at 3C with stirring (170 method (yaxis) against those obtained by enzymatic metixod (
rpm). The cultures were centrifuged at 1904 4 °C. The harvested axis). Very significant regression coefficien®(> 0.99) were

cells were washed, resuspended in phosphate buffer (pH 7.0), and use@yained, “indicating good correlation between the techniques
as ap-decarboxylase source for the 2-pentanone production. (Figure 2)

Production of 2-Pentanone. The incubation mixture contained 400 . TS )
4L of resting cells (0.2 g wet weight cells), ethylbutyryl acetate (4 Robustness Ted slight variation in pH, wavelength, or final

mM) as substrate, esterase (2.7 units), asdROy/KH,PQ; buffer (100 volume did not significantly modify .the enzymatip measure of
mM, pH 7.0) to 1 mL final volume. Two controls were used: one 2-PentanoneTable 1). However, a slight modification in either
without resting cells and the other without substrate. The reaction incubation time or enzyme quantity lead to a considerable
mixture was incubated in a 2-mL Eppendorf tube in shaking condition Vvariation in the 2-pentanone measurement (11% and 6%,
at 30°C for 1 h. The enzymatic reaction was stopped by removal of respectively). Given that the incubation time is a factor readily
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NADPH oxidation g5. Z-pentamone
010 - OD 334 nm ’ (umoles/0.2 g) cells)
2.0
0.08 | 4 &
15 /Ef/—”’i/
0.06 - b
3 A 1.0
0.04 7By 2
05
a
0.02 0.0 v
1 0 1 2 3 4
0.00 : I Incubation Time (h)
0 100 200 300 Figure 4. Kinetic of 2-pentanone production by Staphylococcus carnosus
833.
2-pentanone (uM)
Figure 3. Specificity of the method. Analysis of the constituents of sample intracellular alcohol dehydrogenase fré®hodococcusp GK1
in the assay. (a) A, Standard curve; (®) B, Dose curve; a;, slope of was shown capable of reduction of monoketones and diketones
curve A; by, slope of curve B; (1) blank; (2) standard; by and (3) unknown and oxidation of secondary alcohoZ]. Likewise, the NADP-
biological sample; (4) standard and unknown biological sample mix. linked alcohol—aldehyde/ketone oxidoreductase fitimermo-
anaerobium brockii, was purified and characterized. Its broad
Table 2. Production of 2-Pentanone by Staphylococcus camosus 833 substrate specificity includes primary alcohols (ethanol, propan-
Grown in Complex or Chemically Defined Media 1-ol, and butan-1-ol), linear and cyclic secondary alcohols
. (propan-2-ol, butan-2-ol, and cyclohexanol) and linear and cyclic
2-pentanone pI’OdUCtIOI‘l
. ketones (propanone, 2-butanone, 2-pentanone, and cyclopen-
growth medium («moles/0.2 g cells/h) . :
o 8020030 tanone) (17). These authors also reported its potential uses
omplex .80 £0. ; ; ; ; _ ;
chemically defined (1% glucose) 0.20 % 0,032 including production of chiral Rf) 2-pentanol, synthesis of

chemically defined (0.1% glucose, pH 7.0) 1.75+0.028 NADPH, regeneration of NADPNADPH coenzyme, and
analytical solvent detection with an immobilized enzyme
electrode 26). The use of these alcohol dehydrogenases for
controlled by the automatic spectrophotometer setting, enzymeketone quantification was already suggested, but the develop-
concentration is the main parameter that must be monitored. ment of the method had not yet been reported. So in this study,
Therefore, the enzymatic method is robust if careful attention we selected the commercially available alcehaldehyde/
is taken in enzyme preparation. ketone oxidoreductase frofthermoanaerobium brockid detect
Specificity. Constituents of the biological matrix could and quantify 2-pentanone from bacterial origin. The 2-pentanone
interfere and provoke background noise in the response (up orwas chosen because it is a characteristic methyl ketone found
down estimation). To evaluate this phenomenon the four assaysn sausages. With this ADH enzyme, methyl ketones from C2
described before (Experimental Procedures section) were carriedo C5 could be assayed (17).
out (Figure 3). The concentration of the unknown biological To develop the method, we studied the linearity, the robust-
sample (3) can be calculated either from the standard curves inness, the accuracy, and the specificity. The enzymatic method
Figure 1 or Figure 3 (curve A: y = 0.0002x), or by graphical  offers noticeable advantages in time, cost, and simplicity of

extrapolation using curve B dfigure 3, (x = —bo/by). The analyses, in comparison with the classic procedures such as gas
biological sample with an Of, of 0.044 contained 220M chromatography associated with mass spectrometry, but its
of 2-pentanone by these calculation methods; thus, specificity sensibility is lower (ppb for gas chromatography and ppm for
of the method was confirmed. the enzymatic method).

Applications for Bacterial Production. Production of 2-pen- The method was then validated on bacterial samples. This is
tanone byStaphylococcus carnos@33 was compared for the  the first report on the production of methyl ketones by bacteria
strain grown in chemically defined or in complex medialle from f-ketoacids. The result highlights the existence of a

2). The highest ketone production was observed when cells weref-decarboxylase activity. This pathway was already suggested
grown in the complex medium or in chemically defined medium for fungi (3, 6,8). Work is currently being undertaken on this
buffered at pH 7.0 with a low concentration of glucose. The topic in Staphylococcus carnosiis our laboratory.
low production of 2-pentanone obtained when cells were grown  In conclusion, we have developed an enzymatic method to
in chemically defined medium with 1% of glucose can be quantify 2-pentanone for routine usage, in particular for screen-
attributed to either glucose inhibition or the pH drop from 7.0 ing bacterial strains or to carry out enzymatic research.
to 5.3.
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the production of 2-pentanone increased during the first 2 h

and then stayed at the same levisigire 4). We thank the Laboratory of Jean Louis Berdagué for technical

assistance in GC analysis.

DISCUSSION
. . LITERATURE CI
Alcohol dehydrogenase enzymes are well described in the TED

literature, most having a narrow substrate specificity (21) and (1) Forney, F. W.; Markovetz, A. J. The Biology of Methyl Ketones.
only a few with broad activity Z2—24). Among the latter, an J. Lipid Res.1971,12, 383—395.



2474 J. Agric. Food Chem., Vol. 50, No. 9, 2002

(2) Hawke, J. Reviews of the Progress of Dairy Science. Section
D. Dairy Chemistry. The Formation and Metabolism of Methyl
Ketones and Related CompoundsDairy Res1966 33, 225—
243.

(3) Dartey, C.; Kinsella, J. E. Oxidation of Sodium [¢E]Palmitate
into Carbonyl Compounds Hyenicillium J. Agric. Food Chem.
1973,21, 721-726.

(4) Berdagué, J. L.; Monteil, P.; Montel, M. C.; Talon, R. Effects

of Starter Cultures on the Formation of Flavour Compounds in

Dry SausageMeat Sci.1993,35, 275—287.

Montel, M. C.; Reitz, J.; Talon, R.; Berdagué, J. L.; Rousset-

Akrim, S. Biochemical Activities oMicrococcaceaend their

Effects on the Aromatic Profiles and Odours of a Dry Sausage

Model. Food Microbiol. 1996, 13, 489—499.

Yagi, T.; Kawaguchi, M.; Hatano, A.; Fukui, F.; Fukui, S.

Screening of Methylalkyl ketone-Accumulating Fungi from Type

Culture StrainsJ. Ferment. Bioengl990,70, 94-99.

Engelvin, G.; Feron, G.; Perrin, C.; Mollé, D.; Talon, R.

Identification of -Oxidation and Thioesterase Activities in

Staphylococcus carnosu&33 Strain.FEMS Microbiol. Lett.

2000,190, 115-120.

Hwang, D. H.; Lee, Y. J.; Kinsella, J. iB-Ketoacyl Decar-

boxylase Activity in Spores and Mycelium dPenicillium

roqueforti. Int. J. Biochem1976,7, 165—171.

(9) Schwartz, D. P.; Parks, O. W. Preparation of Carbonyl-Free
Solvents.Anal. Chem1961,33, 1396—1398.

(10) Urbach, G. Thin Layer Chromatography of Aliphatic 2,4-
Dinitrophenylhydrazonesl. Chromatogr.1963,12, 196—207.

(11) Badings, H. T. Thin-Layer Chromatography under Controlled
Conditions.J. Chromatogr.1964,14, 265—268.

(12) Lawrence, R. C. Use of 2,4-Dinitrophenylhydrazine for the
Estimation of Micro Amounts of Carbonyldlature 1965,205,
1313-1314.

(13) Parks, O. W.; Keeney, M.; Katz, I.; Shwartz, D. P. Isolation
and Characterization of the Methyl Ketone Precursor in Butter
Fat.J. Lipid Res.1964,5, 232—235.

(14) Berger, R. G.; Macksu, C.; German, J. B.; Shibamoto, T. Isolation
and ldentification of Dry Salami Volatilesl. Food Sci.1990,

55, 1239—-1242.

(15) Barbieri, G.; Bolzoni, L.; Parolari, G.; Virgili, R.; Butinni, R.;
Careri, M.; Mangia, A. Flavor Compounds of Dry-Cured Ham.
J. Agric. Food Chem1992,40, 2389—2394.

®)

(6)

@)

®)

Fadda et al.

(16) Stahnke, L. Volatiles Produced Staphylococcus xylosushd
Staphylococcus carnossiring Growth in Sausage Minces. Part
Il. The Influence of Growth Parametersebensm.—Wiss.—
Technol.1999,32, 365—371.

(17) Lamed, R. J.; Zeikus, J. G. Novel NABRinked Alcohol-
Aldehyde/Ketone Oxidoreductase in Thermophilic Ethanologenic
Bacteria.Biochem. J1981,195, 183—190.

(18) Feinberg, M. La Validation des Méthodes d’Analy§ahier
Technique INRA2000,44, 19-49.

(19) Talon, R.; Walter, D.; Chartier, S.; Barriere, C.; Montel, M. C.
Effect of Nitrate and Incubation Conditions on the Production
of Catalase and Nitrate Reductase by Staphyloctmtcid. Food
Microbiol. 1999,52, 47-56.

(20) Hussain, M.; Hasting, J. G. M.; White, P. J. A Chemically
Defined Medium for Slime Production by Coagulase-Negative
StaphylococciJ. Med. Microbiol.1991,34, 143—-147.

(21) Takemori, S.; Furuya, E.; Suzuki, H.; Katagiri, M. Stabilization
of Enzyme Activity by an Organic Solventature 1967,215,
417-419.

(22) Singer, M. E.; Finnerty, W. R. Alcohol Dehydrogenases in
Acinetobactersp. Strain HO1-N: Role in Hexadecane and
Hexadecanol Metabolisnd. Bacteriol. 1985 December1017—
1024.

(23) Adlercreutz, P. Asymmetric Reduction of Ketones with Enzymes
from Acetic Acid Bacteria.Biotechnol. Lett.1991,13, 229—
234.

(24) Adlercreutz, P. Novel Biocatalyst for the Asymmetric Reduction
of Ketones: Permeabilized Cells @&luconobacter oxidans
Enzyme Microbiol. Technoll991,13, 9-14.

(25) Kirier, F.; Kreit, J.; Milliere, J. B. Characterization of Partially
Purified Alcohol Dehydrogenase froRhodococcusp. Strain
GK1. Lett. Appl. Microbiol.1998,26, 284—287.

(26) Lamed, R. J.; Keinan, E.; Zeikus, J. G. Potential Applications
of an Alcohol Aldehyde/Ketone Oxidoreductase from Thermo-
philic Bacteria.Enzyme Microbiol. Technol981,3, 144—148.

Received for review October 1, 2001. Revised manuscript received
January 15, 2002. Accepted January 30, 2002. Christian Hansen A/S
provided financial assistance for this work.

JF011298V



