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Enantioselective Analysis of Free and Glycosidically Bound
Monoterpene Polyols in Vitis vinifera L. Cvs. Morio Muscat and
Muscat Ottonel: Evidence for an Oxidative Monoterpene
Metabolism in Grapes

FanG Luan,’ DaNiELa HAMPEL,T ARMIN MOSANDL,T AND MATTHIAS WUST* 8
Institut fiir Lebensmittelchemie, Johann Wolfgang Goethe-Universitat Frankfurt am Main,

Marie-Curie-Strasse 9, D-60439 Frankfurt (Main), Germany, and Department of Life Technologies,
University of Applied Sciences Valais, Route du Rawl 47, CH-1950 Sion 2, Switzerland

The enantiomeric ratios of various free and glycosidically bound monoterpene polyols in musts of
the aromatic grapes Vitis vinifera L. cvs. Morio Muscat and Muscat Ottonel were determined by means
of enantioselective multidimensional gas chromatography—mass spectrometry. Reference compounds
of defined stereochemistry were synthesized and permitted the unequivocal determination of the
elution order of the target compounds on chiral columns with modified cyclodextrins as stationary
phases. It could be shown for the first time that the linalool-derived polyol 3,7-dimethylocta-1,7-dien-
3,6-diol occurs predominately as the (3S,6S)-configured stereoisomer, providing evidence that this
compound is generated by an enzymatic process in grape berries. The involvement of a cytochrome
P450 monooxygenase in the oxidative metabolism of monoterpenes in grapes is dicussed.

KEYWORDS: Vitis vinifera L.; monoterpene polyols; oxidative metabolism; biosynthesis; enantioselective
multidimensional gas chromatography—mass spectrometry (enantio-MDGC/MS)

INTRODUCTION peroxides 4). However, vineyard experiments using the bunch-

. . . . shading approach were rather inconclusive, because shading
Monoterpenes, which are genuine compounds in grape berries

R . generally causes a delay of ripening and explains some dif-
(Vitis u|n|fera), belpng to .‘h? most important flavor cqmpour!ds ferences in aroma levels insofar as their levels were shown to
of several white wine varieties such as Muscat, Gewdurztraminer,

) : S increase during ripening in previous studiBs {Vhereas terpene
and Scheureb_e anq are responsible for thel_r charactensyc ﬂoralbiochemistry in fruit is largely unexplored, detailed studies have
aroma (). Besides linalool, nerol, and geraniol, several highly

. . . o n carri ton ntial oil pr ing plant h as mint
odiferous cyclic ethers and lactones have been identified as keybee carried out on esse oil producing plants such as

CT . ?(Mentha piperita) and sageSélvia officinalis) that exhibit
compounds that are generated by cyclization of oxygenation o . . . .
. specialized oil-producing tissues (glandular trichomes) (6).
products from these monoterpene alcohols (Sigeire 1 for

linalool oxygenation products). An example is the formation Despite morphological and physiolqgicql d_ifferences, it seems
of wine lactonel 3 from acid-catalyzed cyclization of the linalool re_asonat_)le to assume Fhat Fhe baS|c_ principles of monoterpene
derivative12 (2) (seeFigure 1). biochemistry in essential oil producing plants and fruits are

. L . . closely related. It is important to note that cytochrome P450
Recently, it was shown by in vivo feeding experiments that

h 1 1d Ll 5-phosphatel2methyl h monooxygenases have been shown to play a central role in
the novel 1-deoxp-xylulose 5-phosphatelzmethylo-eryth- monoterpene oxygenation in several plais Detailed studies
ritol-4-phosphate pathwgy is the qomlnant metabolic route for on the isolation, cloning, and structuarfunction relationships

de novo monoterpene biosynthesis in grape berry exocarp andon P450 enzymes have been carried out and give evidence of
mesocarp (3). However, the oxygenation process of MONOer-5 o markable regio- and stereoselectivity of the oxygenation
penes that leads to the formation of reactive higher oxidation reaction catalyzed by these enzym@s9). It is the high degree
state |.ntermgd|ates is poorly understood. The opinion, long held of stereoselectivity that distinguishes an enzymatic oxygenation
by _V|t|cultur|sts, that bunches of grapes (_exposed to sunlight from a nonselective photooxygenation. Consequently, a stereo-
during gr_owth are more flavorful than frun_ not expose_d h"?‘s selective analysis of the oxgenation products should be a suitable
resulted in the postulation of a photooxidation mechanism in-

volving an ene-tvoe addition of sinalet oxvaen to aive hvdro- probe for distinguishing between enzymatic and nonenzymatic
9 yp 9 Y9 9 y reactions. However, such a stereoselective analysis of mono-

terpene oxygenation products in grapevine has not been

85*1%0rreSP9|ndint§tJhauth0r (tetlgwoﬁeﬂfl}{)27-606-86-54: fax-41-27-606- performed. Despite the fact that numerous oxygenation products
-15; e-mall matthias.wues evs.cn). . . .
t Johann Wolfgang Goethe-Universita pf Imaloc_)I 1 have been detected_ in musts ($&gure 1), no _

8 University of Applied Sciences Valais. information on the stereochemistry of the generated chiral
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Figure 1. Oxygenation products of linalool.
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centers in compounds 14, andl6is available in the literature.  afford (3R)-3-acetoxy-3,7-dimethylocta-1,6-diene as a light yellow oil
To fill this gap and to clarify the mechanism of monoterpene from (3R)-linalool1.

oxygenation in grapevine, we have determined the absolute _ (P) Synthesis of (2E,6R)-6-Acetoxy-2,6-dimethylocta-2,7-dien-1-ol.
configuration and enantiomeric ratios of several free and The synthesis was carried out according to the method of Sch@b (

Icosidically bound monoterpene polyols in musts of several _ (¢) Synthesis of (2S,3S,6R)-6-Acetoxy-2,6-dimethylocta-2,3-epoxy-
g?lomatic WI?ite varieties. Ths reSLFl)Itsygive evidence for the 7-en-1-ol.The epoxide was prepared as previously described (14).

f S berri (d) Synthesis of (3R,6S)-3-Acetoxy-3,7-dimethylocta-1,7-dien-6-ol.
presence of a monoterpene oxygenase activity in grape berries:q synthesis was carried out according to the method of Liu et al.

(14).
EXPERIMENTAL PROCEDURES (e) Synthesis of (3R,6S)-3,7-Dimethylocta-1,7-dien-3,6-8)oThe
) . diol was prepared as previously described (15).

Plant Material. Ripe grapes (degree Oechsle between 75 and 89)  The MS and'H NMR data of the synthesized compounds were in
of Vitis vinifera cvs. Morio Muscat and Muscat Ottonel from vintages 4| cases identical with the data given in the references cited above.
2000 and 2001 were obtained from the Geisenheim Research Center, |strumental Methods. Gas Chromatography/Mass Spectrometry
Department for Grapevine Breeding and Grafting, Geisenheim, Ger- (Gc/Ms).The GC/MS analysis was performed on a Fisons Instruments
many, and were stored &t20 °C until used. GC 8000, coupled to a Fisons Instruments MD800 mass spectrometer,

Isolation of Free and Glycosidically Bound MonoterpenesSeeds equipped with a fused silica column (30 m 0,25 mm; coated with
of ~50 g of grape berries were removed, and the berries were groundsg 52; film thickness= 0.25um). GC conditions were as follows:
with a mortar and pestle. During grinding the pH of the must was carrier gas, helium at 50 kPa; split, 20 mL/min; injector temperature,
adjusted to 4 with phosphate buffer (pH 7). The mixture was completely 230°C; oven temperature, 4 (5 min isothermal) raised to 26
homogenized with an Ultra Turrax blender for 2 min. After centrifuga- (20 min isothermal) at 3C/min with a 2 mL/min flow rate. Mass
tion at 300@ for 5 min, the supernatant was treated with Carrez I and spectra were obtained at 70 eV with an ion source temperature of 200
Il (10). After filtration, the filtrate was used for the isolation of free  °C and mass range of 40—250 amu.
and bound monoterpenes. Enantio-MDGC/MS System The enantio-MDGC/MS analysis was

For the isolation and fractionation of the target compounds solid performed with a Siemens SiChromat 2-8 coupled with a Finnigan MAT
phase extraction was used according to the method of Mateo (11). TheGCQ. The two capillary columns of the MDGC were coupled with a
filtrate was passed through a 2-g C18-RP column (Supelco, Bellefonte, live-T-switching device. The precolumn was identical with the column
PA), previously activated with methanol. Free monoterpenes were elutedof the GC/MS system described above; carrier gas, helium; split, 20
with methylene chloride and glycosides with methanol. The methanol mL/min; injector temperature, 250C; detector FID, 25C°C; oven
was removed under reduced pressure, and the residue was taken up ikemperature, 60C (5 min isothermal) raised to 25 at 5°C/min.
citrate—HCI buffer (pH 4.0). The resulting solution was incubated with  The main column used was a 30 m 0.25 mm i.d., 0.25m film
2 mg of Glucanex/g of tissue (Novo Nordisk, Dittingen, Switzerland) thickness [heptakis-(2,3-d)-methyl-6-O-tert-butyldimethylsilyl)3-
for 24 h at room temperature to release the glycosidically bound cyclodextrin] (DiMe#) in SE 52; carrier gas, helium; oven temperature,
monoterpenes. The liberated monoterpenes were extracted with methylg0 °C (25 min isothermal) raised to 20@ at 2 °C/min. The main
tert-butyl ether (MTBE). column was coupled to the transfer line of the mass spectrometer, using

Synthesis of Reference CompoundsSynthesis of (3R,6S)-3,7-  an open split interface with a sweeping flow of 1 mL/min; temperature
Dimethylocta-1,7-dien-3,6-diol5}. (a) Synthesis of (3R)-3-Acetoxy-  of the transfer line, 250C; temperature of ion trap manifold, 17C;
3,7-dimethylocta-1,6-dien&he acetylation was carried out according El, 70 eV.
to the method by Vidari 2) with some modifications: the crude Enantio-MDGC/MS System Rlost conditions of enantio-MDGC-
product was purified by bulb-to-bulb distillation (9C, 0.1 mbar) to MS-2 were identical with those of enantio-MDGC-MS-1. The differ-
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Figure 2. Stereoselective synthesis of (3R,6S)-3,7-dimethylocta-1,7-dien-3,6-diol (5).
Table 1. Determination of the Elution Order of Synthetic Polyol Stereoisomers on Two Chiral Stationary Phases
column order of elution
OH OH OH OH
| = ~ OH
NS NS OH
OH OH | oH “~ OH OH
AN X ~N
2 5 3 10 19 18
. GRY () (3R,65)+(3R,6R) (3R) () (3R) () (3R) ()
DlMe'B (3s) () 1+ not resolved (3s) () (3s) (I (38) (I
(35,6S) ()
(3S,6R) (IV)
. not resolved (3R,6S)+(3S,6S) (68) (1) (3R) (I} no baseline no baseline
D|AC'B (1) {6R) (I} (38) () resolution resolution
(3R,6R) (IIl)
(3S,6R) (IV)

2 Elution order is indicated by Roman numerals.

ences were as follows: for MDGC, the Siemens SiChromat 2 main
column was coated with [heptakis-(2,3-@tacetyl-6O-tert-butyldi-
methylsilyl)-5-cyclodextrin] (DiAc-f) in SE 52, the carrier gas was
Hz, and the oven temperature was %D (30 min isothermal) raised to
200°C at 2 °C/min; for MS, a Finnigan MAT ITD800 was used.

IH NMR.The NMR spectra were obtained with a Bruker ARX 300,
at 300 MHz, in CDG4 with TMS as the internal standard. The chemical
shifts are given in (parts per million)

RESULTS AND DISCUSSION

To clarify the mechanism of the oxygenation reaction that
leads to the formation of monoterpene polyols in grapes, we
have focused our attention on polyols where the introduction
of oxygen creates a new chiral center in the molecule. We have
chosen three polyols that are derived from linalbpgeraniol,

(19) (16). Racemic reference compounds were prepared using
literature procedures (17,8), and compounds with defined
absolute configurations at C6 were obtained via the rearrange-
ment of enantiopure 2,3-epoxy alcohols, with the systegPPh
pyridine, b and water 14) [seeFigure 2 for the synthesis of
(3R69-5; enantiopurel8 and19 were prepared in an analogous
manner using geranyl and neryl acetate, respectively, as starting
materials]. Thus, the order of elution of the enantiomer§,of
18, and19 could be determined unequivocally on two chiral
stationary phases by co-injection of enantiopure and racemic
standards (se€able 1). As a result, heptakis(2,3-di-O-methyl-
6-O-tert-butyldimethylsilyl)5-cyclodexrin (Dimeg) shows ex-
cellent selectivity as a chiral stationary phase and allows the
simultaneous separation of almost all monoterpene polyols that

and nerol, which appear in musts in substantial amounts: 3,7-were tested. However, the R}-configured diastereomeric

dimethylocta-1,7-dien-3,6-diol (5), (E)-3,7-dimethylocta-3,7-
dien-1,6-diol (18), and (2)-3,7-dimethylocta-3,7-dien-1,6-diol

polyols of5 as well as the enantiomers of)(E,6-dimethylocta-
2,7-dien-1,6-diol (3) could not be separated on heptakis(2,3-
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Figure 3. Chiral main column chromatogram (enantio-MDGC/MS-1) of racemic standard compounds 8, 1, 7, 2, 5, 19, and 18. The elution order of

linalool oxide stereoisomers is indicated by Roman numerals.

di-O-methyl-6-O-tert-butyldimethylsilyl){3-cyclodextrin but could
be on heptakis(2,3-dd-acetyl-6-O-tert-butyldimethylsilyl)-3-

are unstable in acidic solutions. It is therefore necessary to carry
out the isolation of monoterpenes immediately after homog-

cyclodextrin. These two chiral stationary phases are thereforeenization of the grape material.
valuable tools for the enantioselective analysis of monoterpene Because the diol2 and5 are directly derived from linalool
polyols. The simultaneous enantioselective analysis of linalool 1 by oxygenation, the (3R)-configured sterecisomer2 ahd

1 and the polyol2, 5, 18, and19 was achieved by using an

5 are clearly dominating. Frezand glycosidically bound diol

enantio-MDGC/MS system equipped with an achiral precolumn 2 show enantiomeric purities af98%. Concerning didb, the

and a chiral main column (Dimg) (enantio-MDGC/MS-1). The

(3R)-configured stereoisomers are barely detectable. In both

system has been described under Experimental Proceduresvarieties the diastereomeric purity of free dilis >90%,
Figure 3 shows a standard chromatogram of the chiral main whereas the diastereomeric purity of glycosidically bound diol

column including the furanoid and pyranoid linalool oxides.
For the isolation and fractionation of free and glycosidically

5 is considerably lower. Again, this might be attributed to a
discrimination during gylcosidation or to a slight enantiodis-

bound monoterpenes solid phase extraction was used and therimination during hydrolysis with the glucanase used to
glycosidically bound monoterpenes were enzymatically liberated hydrolyze the isolated glycosides. However, the clear dominance
(11). The fractions were analyzed using the enantio-MDGC/ of the (3S,6S)-configured stereoisomers of free and glycosid-
MS system described above (enantio-MDGC/MS-1). A typical ically bound5 shows that the introduction of oxygen at C6 of
main column chromatogram of free and glycosidically bound linalool is a stereoselective process. A photooxygenation mech-
polyols is shown inFigure 4. The results for two different  anism can therefore be excluded, because the photooxygenation
aromatic white wine varieties (Morio Muscat and Muscat of racemic or enantiopure linalool yields a 1:1 mixture of the

Ottonel) are presented ihable 2. As expectedi, 20), the
enantiomeric purity of free linaloal was >90% in favor of
the S-configured enantiomer in both varieties. The glycosidically
bound linalool shows a somewhat lower purity (<90%), which
might be attributed to a slight enantiodiscrimination during the
enzymatic glycosidation process planta or to a slight

(6R)- and (&)-configured stereoisomers (data not shown). The
stereoselective generation of the predominai®,§$)-5gave

clear evidence for an enzymatic oxygenation of linalool. Because
the oxygenation at C6 is accompanied by an allylic rearrange-
ment to yield a C#C8 double bond, the generation of an
intermediate radical can be assumed. The appearance of such

enantiodiscrimination during hydrolysis with the glucanase used an intermediate radical is a known feature of cytochrome P450
to hydrolyze the isolated glycosides. These results are in goodcatalyzed oxygenations and is generated by abstraction of a
agreement with previous studies (). In this context it is hydrogen radical42). The hydrogen radical is accepted by the
noteworthy that the enantiomeric ratio of free linalool in must reactive iron-oxo species of the activated cytochrome P450
decreases with time because of acid-catalyzed dehydration/enzyme to form an iron-bound hydroxy radical. If the generated
hydration (21) and formation of racemic linalool from grape radical of the substrate molecule is in conjugation with a double
geraniol or geraniol glycosides. In general, all allylic alcohols bond, allylic rearrangement can occur before the iron-bound
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Figure 4. Chiral main column chromatogram (enantio-MDGC-MS-1) of free and glycosidically bound polyols 2, 5, 18, and 19.

Table 2. Enantiomeric Ratio of Free and Glycosidically Bound Polyols in V. vinifera Cv. Morio Muscat and Muscat Ottonel

enantiomeric ratio Morio Muskat Muscat Ottonel
free bound free bound

3SBR1 94.0/6.0 89.0/11.0 99.8/0.2 87.3112.7
° 4.0 4.0 05 39

388R2  997/0.3 98.9/1.1 99.4/0.6 99.2/0.8
° 0.5 0.6 1.3 0.8

35,65/6R5 98 .8/1.2 70.6/29.4 90.8/9.2 54.6/45.4
° 15 6.6 4.9 13.4

° 10.5 13.4

6S/6R-19 nd. 44.0/56.0 n.d. n.d.
¢ 5.3

iﬂ
I
|
OH
N
OH
OH
Q)H
AN
6S/6R-18
o nd. 63.5/36.5 nd. 54.6/45.4
OH
~
ﬁ\
OH
OH
AN

hydroxy radical is captured by the substrate. This mechanism of the plane that is defined by C6, C7, C8, and C9 of the
is called the oxygen rebound mechanism, and the allylic substrate molecule in the active site of the enzyme. Because
rearrangement has been called allylic scrambling. These mechthe (6S)-configured diob is predominately generated, the
anisms have been already described for several allylic hydroxy- oxygen rebound takes place preferentially from 8isite.

lations of unsaturated monoterpen8s3). Figure 5 illustrates It is remarkable that the geraniol- and nerol-derived glyco-
the putative cytochrome P450 catalyzed hydroxylationS)f ( sidically bound diolsl8 and 19 are present as almost racemic
linalool. After hydrogen radical abstraction from one of the mixtures. Fred8and19were barely detectable, and their peak
terminal methyl groups (C8 or C9), allylic rearrangement occurs. areas could not be properly integrated. At this stage the low
The oxygen rebound can take place from 8i®r the Resite stereoselectivity of the oxygenation reaction of geraniol and



Enantioselective Analysis of Monterpene Polyols

Figure 5. Putative cytochrome P450 catalyzed hydroxylation of (S)-linalool.
After hydrogen radical abstraction from one of the terminal methyl groups
(C8 or C9), allylic rearrangement occurs. The oxygen rebound can take
place from the Si or Re site of the plane that is defined by C6, C7, C8,
and C9 of the substrate molecule in the active site of the enzyme. Because
the (6S)-configured diol 5 is predominately generated, the oxygen rebound
takes place preferentially from the Si site.

nerol cannot be explained in detail. Possible explanations are a
low streoselectivity of the enzyme toward nerol and geraniol
and/or a competing nonspecific oxygenation that is induced by
free radicals or light.

To investigate the oxygenation reaction in more detail, in vivo
feeding studies with deuterium-labeled linalool and exclusion
of light are necessary. The first preliminary results that were
obtained by using this approach confirm the above postulated
enzymatic oxygenation of monoterpenes in grape berries and
will be published elsewhere.
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