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(+)-Germacrene A Biosynthesis

The Committed Step in the Biosynthesis of Bitter Sesquiterpene Lactones in Chicory
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The leaves and especially the roots of chicory (Cichorium intybus
L.) contain high concentrations of bitter sesquiterpene lactones
such as the guianolides lactupicrin, lactucin, and 8-deoxylactucin.
Eudesmanolides and germacranolides are present in smaller
amounts. Their postulated biosynthesis through the mevalonate-
farnesyl diphosphate-germacradiene pathway has now been con-
firmed by the isolation of a (+)-germacrene A synthase from chicory
roots. This sesquiterpene cyclase was purified 200-fold using a
combination of anion-exchange and dye-ligand chromatography. It
has a K, value of 6.6 um, an estimated molecular mass of 54 kD,
and a (broad) pH optimum around 6.7. Germacrene A, the enzy-
matic product, proved to be much more stable than reported in
literature. Its heat-induced Cope rearrangement into (—)-B-elemene
was utilized to determine its absolute configuration on an enantio-
selective gas chromatography column. To our knowledge, until now
in sesquiterpene biosynthesis, germacrene A has only been reported
as an (postulated) enzyme-bound intermediate, which, instead of
being released, is subjected to additional cyclization(s) by the same
enzyme that generated it from farnesyl diphosphate. However, in
chicory germacrene A is released from the sesquiterpene cyclase.
Apparently, subsequent oxidations and/or glucosylation of the ger-
macrane skeleton, together with a germacrene cyclase, determine
whether guaiane- or eudesmane-type sesquiterpene lactones are
produced.

The sprouts of chicory (Cichorium intybus L.), a vegetable
(French endive) grown in the dark, are known for their
slightly bitter taste originating from sesquiterpene lac-
tones. The tap roots of chicory in particular are extremely
bitter due to these components with antifeedant properties
(Rodriguez et al., 1976; Rees and Harborne, 1985; van Beek
et al., 1990). In the past, these roots were roasted and used
as a coffee substitute; now they are regarded as a waste
product of chicory cultivation. About 100,000 tons of chic-
ory roots are produced annually in The Netherlands, but
because of their bitter taste, it is not possible to use them as
cattle feed. In searching for a way to enhance the value for
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this waste product, we have been investigating the bitter
sesquiterpene lactones (van Beek et al., 1990; Leclercq,
1992), and we are interested in the biosynthesis of these
compounds because it involves stereoselective oxidizing
enzymes that might be useful as catalysts in organic
syntheses.

The average sesquiterpene lactone content is measured
at 0.42% dry weight in the roots and 0.26% in the leaves
(Rees and Harborne, 1985). The three major sesquiterpene
lactones in chicory are the guaianolides lactucin (see Fig. 1,
1), 8-deoxylactucin (Fig. 1, 2), and lactupicrin (Fig. 1, 3),
which are present in both leaves and roots of chicory
(Pyrek, 1985; van Beek et al., 1990). The two eudesmanol-
ides sonchuside C (Fig. 1, 4) and cichoriolide A (Fig. 1, 5)
are also present, together with the germacranolides son-
chuside A and cichorioside C (Seto et al., 1988).

It is assumed that both the guaiane- and eudesmane-type
lactones originate from a common germacrane precursor
that is formed via the acetate-mevalonate-FPP pathway by
a germacrene synthase, an enzyme belonging to the group
of sesquiterpene cyclases (Herz, 1977; Bohlman and Zdero,
1978; Fischer, 1990; Song et al., 1995). Whether this com-
mon germacrane precursor is transformed into a guaiane
skeleton or a eudesmane skeleton would depend on the
position of enzyme-mediated epoxidations. A germacrene
C,-Cs-epoxide would lead to a guaiane, whereas a germa-
crene C,-C,,-epoxide would lead to a eudesmane (Brown
et al.,, 1975; Teisseire, 1994; Piet et al., 1995b). For this
reason we postulated that, apart from the oxidizing en-
zymes, two different cyclizing enzymes are involved in the
biosynthesis of the guaianolides and eudesmanolides: an
enzyme that cyclizes FPP to a germacrane skeleton, and a
separate enzyme that cyclizes the germacrane skeleton to a
guaiane or eudesmane skeleton (Fig. 2) (Piet et al., 1995b,
1996).

Biosynthetic studies with a hairy-root culture of blue-
flowered lettuce supplied with '*C-labeled precursors of
secondary plant metabolism (acetate and mevalolactone)
seem to confirm this acetate-mevalonate-FPP-germa-
cradiene pathway. From the patterns of '*C-enrichment in
the produced guaianolides, Song et al. (1995) deduced that

Abbreviation: FPP, farnesyl diphosphate.
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Figure 1. The three major guaianolides of chicory, lactucin (1), 8-deoxylactucin (2), and lactupicrin (3), and its two

eudesmanolides, sonchuside C (4) and cichoriolide A (5).

the C,, and the C,; atoms of the germacrane intermediate
are chemically not identical; this indicates the formation of
either germacrene A (7) or germacrene B. Formation of
germacrene B would be supported by the existence of
Cg-oxygenated sesquiterpene lactones such as lactucin and
lactupicrin, because in germacrene B the Cg position is
activated for allylic oxidations (Fischer, 1990).

Sesquiterpene cyclases catalyze the conversion of FPP to
over 200 different cyclic skeletons, and a growing number
of these enzymes have been isolated and characterized in
recent years. cDNA sequences (Cane, 1990; McCaskill,
1997) are available, and protein crystal structures have
been published recently (Lesburg et al., 1997; Starks et al.,
1997). Although germacrenes, especially germacrene D, are
important constituents of many essential oils, to our
knowledge, no germacrene synthase has so far been de-
scribed. The biosynthesis of germacrene C by a homoge-
nate of immature seeds of Kadsura japonica has been re-
ported (Morikawa et al., 1971), as well as the partial
purification of a synthase for pB-selinene (Belingheri et al.,
1992), a germacrene A-related compound, from the outer
peels of Citrofortunella mitis.

A problem in studying germacrene synthases may be
the reported instability of all four known germacrenes.
Germacrene A (Fig. 3, 7) is reported to be particularly
susceptible to proton-induced cyclizations toward
a-selinene (Fig. 3, 8) and B-selinene (Fig. 3, 9) on silica gel,
or to Cope rearrangement toward p-elemene (Fig. 3, 10),
even during freezer storage (Weinheimer, 1970; Bowers et
al., 1977; Teisseire, 1994). Germacrene A itself has often
been postulated as an intermediate (bound to the sesqui-
terpene cyclase) in the biosynthesis of patchoulol and phy-
toalexins, such as aristolochene, 5-epi-aristolochene, cap-
sidiol, debneyol, and vetispiradiene (Threlfall et al., 1988;
Hohn et al., 1989; Whitehead et al., 1989; Beale, 1990; Cane,
1990; Munck and Croteau, 1990; Cane et al., 1993; Back and
Chappell, 1995).

The aim of our research was to identify the germacrane
intermediate involved in the sesquiterpene lactone biosyn-
thesis of chicory and to isolate and characterize the sesqui-
terpene cyclase responsible for its formation.

MATERIALS AND METHODS

Fresh roots of cultivated chicory (Cichorium intybus L. cv
Focus) were harvested during late summer and obtained
from a grower in Veenendaal, The Netherlands. Roots of
wild chicory were collected in October in the forelands of
the Rhine near Wageningen. The chicory roots were cut
into small pieces, frozen in liquid nitrogen, and stored at
—80°C. Unlabeled FPP was obtained from Sigma in a so-
lution of 70% (v/v) methanol in 10 mM aqueous ammo-
nium hydroxide. The solvent was evaporated in vacuo
using a Gyrovap GT (Howe, Oxon, UK), and a 10 mm FPP
stock solution was prepared with 50% (v/v) ethanol in 200
mM aqueous ammonium bicarbonate. [1-°’H]FPP dissolved
in a solution of 50% (v/v) ethanol with 100 mM aqueous
ammonium bicarbonate (16.0 Ci mmol !, 200 uCi mL™")
was purchased from Amersham.

Enzyme Isolation and Assay |

Fifty grams of frozen root material from either cultivated
or wild chicory was homogenized in a blender with 5 g of
insoluble polyvinylpolypyrrolidone and 80 mL of buffer
containing 50 mM Mopso (3-[N-morpholino]2-hydroxy-
propanesulfonic acid) (pH 7.0), 50 mm sodium meta-
bisulfite, 50 mm ascorbic acid, 10 mm MgCl,, 5 mm DTT,
and 20% glycerol (buffer A). The homogenate was trans-
ferred to a beaker using another 40 mL of buffer A, mixed
with 5 g of polystyrene resin (Amberlite XAD-4, Serva) and
allowed to stand on ice for several minutes. The slurry was
filtered through premoistened cheesecloth and centrifuged
for 20 min at 20,000g at 4°C. The supernatant was centri-
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Figure 2. A simplified scheme (without oxidative steps) for the formation of eudesmane- and guaiane-type compounds
involves two cyclizing enzymes, a germacrene synthase and a germacrane cyclase. Literature suggests that either germa-

crene A or germacrene B is the germacrane intermediate.

fuged once more for 90 min at 100,000¢ at 4°C; after that it
was desalted with an Econo-Pac 10DG column (Bio-Rad) to
1 mM ascorbic acid in buffer B. This less concentrated
buffer B contained 15 mm Mopso (pH 7.0), 10 mm MgCl,, 2
mM DTT, and 10% glycerol. A 1.0-mL aliquot of the de-
salted supernatant was incubated for 1 h at 30°C with
either 50 pum unlabeled FPP or 20 um [PH]FPP (50 Ci
mol '), using an overlay of 1 mL of pentane (assay I). As
a control, both types of incubations were also performed
with supernatant that had been boiled for 5 min. Incuba-
tions were stopped by vigorous shaking. For analysis,
the pentane phase was filtered through a dimethyl
chlorosilane-treated glass wool (Chrompack, Bergen op
Zoom, The Netherlands) plugged Pasteur pipette that con-
tained 0.90 g of aluminum oxide (grade III) and a little
anhydrous magnesium sulfate. The extraction was re-
peated with 1 mL of 20% (v/v) ether in pentane, and the
aluminum oxide column was washed with this extract and
an additional amount of 1.5 mL of 20% (v/v) ether in
pentane. The combined pentane eluate contained sesquit-
erpenoid hydrocarbons that do not bind to aluminum ox-
ide under these conditions. The same assay was then reex-
tracted with an equal portion of ether, and the ether
extracts were passed through the same column. At the end
of this extraction-filtration procedure, the column was
rinsed with 1.5 mL of ether to ensure a complete elution of
(oxygenated) products. The separately collected pentane/
ether and ether phases were carefully concentrated to ap-
proximately 50 uL under a stream of nitrogen. Both the
pentane and ether (diethyl ether) were redistilled before
use in the filtration-extraction procedure described above.

Identification of Sesquiterpenoid Products

Before the concentrated extracts of the [PH]FPP incu-
bated assays were analyzed by radio-GC, 1 uL of a sesqui-
terpene standard was added containing (each 1 mg mL ™"
in pentane) germacrene B (prepared according to the

method of Piet et al., 1995b), y-elemene (prepared from
germacrene B by heating at 160°C under argon for 16 h),
nerolidol, and farnesol. In later experiments this sesquiter-
pene standard was replaced by either 5 L of an alkane set
(n = 7-22,1 mg mL~"' each in pentane) to calculate Kovats’
indices, or 5 uL of a liverwort (Frullania tamarisci) extract
containing germacrene A as one of its major constituents
(Hardt et al, 1995; W.A. Konig, unpublished results).
Radio-GC analysis was performed on a Carlo-Erba 4160
(Milano, Italy) series gas chromatograph coupled to a
RAGA 93 radioactivity detector (5-mL counting tube, Ray-
test, Straubenhart, Germany). The GC was equipped with a
CP-WAX 52 column (25 m X 0.32 mm, film thickness of
0.25 um) and programmed at 5°C min~' from 70°C to
210°C using a helium flow rate of 2.7 mL min~'. Samples of
1 pL were injected in the cold on-column mode. The com-
pounds eluting from the column were split in a ratio of 3:1

/ 10

1

Figure 3. The reported high sensitivity of germacrene A (7) to heat
and slightly acidic conditions gives rearrangement toward B-elemene
(10), respectively, cyclization toward a-selinene (8) and B-selinene
(9). Selina-4,11-diene (11) would be another acid-induced cycliza-
tion product.
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between the radioactivity detector and a flame-ionization
detector at 210°C. Before entering the radioactivity detec-
tor, eluted compounds were quantitatively reduced by ad-
dition of hydrogen at 3 mL min~' and passage through a
conversion reactor filled with platinum chips at 800°C.
After reduction, methane was added as a quenching gas to
give a total flow of 36 mL min ! through the counting tube
of the radioactivity detector. The incubations with unla-
beled FPP were analyzed by GC-MS using a 5890 series II
gas chromatograph (Hewlett-Packard) equipped with a
mass selective detector (model 5927A, Hewlett-Packard)
and a capillary HP-5MS column (30 m X 0.25 mm, film
thickness of 0.25 um) at a helium flow rate of 0.969 mL
min~ . The splitless injection of the 1-uL sample was ini-
tially done at an injection port temperature of 210°C, and at
150°C in later experiments because of the sensitivity of
germacrenes to high temperatures. After an initial temper-
ature of 55°C for 4 min, the column was programmed at
5°C min ™' to 210°C. The mass spectra were recorded at 70
eV scanning from 30 to 250 atomic mass units. MS data
were compared with those recorded from compounds
present in the natural oil of Mentha mirennea (B-elemene
[Fig. 3, 10]; Maat et al., 1992) and the extract of F. tamarisci
(germacrene A [Fig. 3, 7], a-selinene [Fig. 3, 8], B-selinene
[Fig. 3, 9], and selina-4,11-diene [Fig. 3, 11]; W.A. Konig,
unpublished results).

Determination of the Absolute Configuration of
Germacrene A

The absolute configuration of germacrene A (Fig. 3, 7)
was determined by means of its Cope rearrangement to
B-elemene (Fig. 3, 10), a reaction that occurs with retention
of stereochemical configuration at C, (Weinheimer et al.,
1970; Takeda, 1974; March, 1992). The GC-MS was essen-
tially used as described above, but with an injection port
temperature of 250°C to induce the rearrangement of en-
zymatically produced germacrene A. The oven tempera-
ture was programmed to 45°C for 4 min followed by a
ramp of 2°C min~ ! to 170°C, and spectra were recorded in
the selected ion-monitoring mode (m/z 121, 147, and 189).
The apparatus itself was equipped with a 25-m (0.25-mm
i.d.) heptakis(6-O-TBDMS-2,3-di-O-methyl)-B-cyclodextrin
(50% in OV17) column that is able to separate the enanti-
omers of racemic B-elemene (Konig et al., 1994). A racemic
B-elemene standard was isolated from a hydrodistillate of
the liverwort Frullania macrocephalum (gift of Dr. L. Kraut,
University of Saarbriicken, Germany), and the elution or-
der of its enantiomers was determined with a (—)-3-
elemene standard (Konig et al., 1994). To substantiate cor-
rect identification of the B-elemene enantiomer derived
from chicory germacrene A, racemic B-elemene was co-
injected with enzymatically produced germacrene A at
injection port temperatures of 150°C and 250°C.

Sesquiterpene Cyclase Assay Il and Protein Determination

For routine determination of germacrene A synthase ac-
tivity, 10 L of sample was added to an Eppendorf vial
with 90 uL of buffer C (0.1% [v/v] Tween 20 in buffer B)
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and incubated at 30°C with 20 um [PH]FPP (50 Ci mol™%).
The reaction mixture was overlaid with 1 mL of hexane to
trap formed, labeled olefins (assay II). After 30 min the vial
was vigorously mixed and cooled to stop the reaction, then
it was briefly centrifuged to separate phases. In the hexane
phase, 750 uL was transferred to a new Eppendorf vial
containing 40 mg of silica (0.06-0.2 mm) to bind farnesol
produced from FPP by phosphohydrolases. After mixing
and centrifugation, 450 pL of the hexane layer was re-
moved for scintillation counting in 4.5 mL of Ultima Gold
cocktail (Packard, Meriden, CT). Protein concentrations
were determined using the microassay protocol of the Coo-
massie Plus Protein Assay (Pierce) and BSA as a protein
standard. Mono-Q fractions containing Tween 20 were de-
salted to 50 mM ammonium bicarbonate using a HiTrap
desalting column and assayed by the Micro BCA Protein
Assay (Pierce).

Sesquiterpene Cyclase Purification

Cellular extracts and enzyme preparations were kept on
ice throughout the purification. The purification was
started by making a 100,000g supernatant as described
above, but with a buffer containing 25 mm Mopso (pH 7.0),
25 mMm sodium meta-bisulfite, 25 mm ascorbic acid, 10 mm
MgCl,, and 2 mm DTT (buffer D). A column (& 2.5 cm) of
25 g of DEAE (preswollen DE52, Whatman) suspended in
150 mL of buffer containing 150 mm Mopso (pH 7.0), 100
mMm MgCl,, and 20 mm sodium meta-bisulfite was prepared
and washed at 1.6 mL min~! with 150 mL of 2 mm sodium
meta-bisulfite in buffer B (buffer E). Seventy-five milliliters
of the 100,000 supernatant was loaded onto this column
and washed with another 100 mL of buffer E to remove
unbound proteins. A 100-mL gradient of 0 to 0.5 m KCI in
buffer E was used to elute sesquiterpene cyclase activity.
Fractions containing sesquiterpene cyclase activity were
pooled and desalted to buffer B, after which glycerol was
added to a final concentration of 30% (v/v). The enzyme
preparation was frozen in liquid nitrogen and stored at
—80°C in 1-mL aliquots. One aliquot was tested for the
nature of its enzymatic sesquiterpenoid product, whereas
the others served as a stock for further purification steps.

Prior to the second purification step, various dye resins
from a dye resin test kit (no. RDL-9, Sigma) and Red A
(Amicon, Beverly, MA) were screened for their affinity for
chicory germacrene A synthase. The dye-resin columns
were tested according to manufacturer’s instructions by
applying 180 uL of DEAE purified cyclase to each column.
Best results were obtained for Reactive Green 5 (R2257,
Sigma), and a column was prepared (& 1.0 cm) of a 5-mL
suspension containing 1.5 mg mL ™' Reactive Green 5 that
had been rinsed twice with an equal volume of buffer B.
The column was equilibrated with 15 mL of buffer B, and
an aliquot of DEAE-purified cyclase (thawed and warmed
up to room temperature) was applied to this column at 0.5
mL min~'. Unbound proteins were washed off the column
with buffer B while monitoring the A,5,; the sesquiterpene
cyclase was eluted using a one-step gradient of 1.5 m KCI
in buffer B. Sesquiterpene cyclase activity containing frac-
tions were combined, desalted to buffer C with an Econo-
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Pac 10DG column, and applied to a Mono-Q fast-protein
liquid chromatography column (HR5/5, Pharmacia Bio-
tech) previously equilibrated with buffer C. The column
was washed with 4 mL of buffer C at 0.75 mL min !, after
which bound proteins were eluted with a 26-mL gradient
of 0 to 0.66 M KCl in buffer C. Fractions were assayed, and
those containing enzyme activity were tested for the nature
of their sesquiterpenoid product(s). The fraction (0.75 mL)
containing the highest amount of germacrene A synthase
activity was used to determine the M, and K, (see below).
After each purification step the purification was visualized
by SDS-PAGE using preprepared 10% (w/v) polyacryl-
amide gels (Bio-Rad) according to the manufacturer’s in-
structions. Gels were stained using a silver-staining kit
(Pharmacia Biotech).

K., pH Optimum, and M, Determination

Before determining the K, of the chicory germacrene A
synthase, assay II (with buffer C) was checked for its lin-
earity using Mono-Q-purified enzyme. When the enzyme
was diluted with an equal amount of buffer C, the assay
was linear during the first 40 min (¥*= 0.987) at a concen-
tration of 2 um FPP. When undiluted Mono-Q-purified
enzyme was used, enzyme activity was twice as high and
linear during 30 min (r*= 0.963) (Fig. 8A). For the kinetics
study, enzyme activity was determined in the range of 0.5
to 80 um FPP (enzyme diluted twice in buffer C). The pH
optimum was determined with DEAE-purified germacrene
A synthase in the pH range of 4.0 to 9.0 using the protocol
of assay Il and 5 uL of enzyme. For pH values of 4.0 to 5.5,
5.5 t0 6.5, and 7.5 to 9.0, NaAc, Mes, and Tris-HCI, respec-
tively, were used instead of Mopso. pH experiments were
carried out in duplicate and in both the presence and the
absence of 0.1% Tween 20. The M, of the germacrene A
synthase from chicory was estimated by exclusion chroma-
tography on a Superdex 75 column (HR10/30, Pharmacia
Biotech) in buffer C. The column was calibrated at 0.5
mL min~! with cyt ¢ (124 kD), RNase A (13.7 kD),

a-chymotrypsinogen (25.0 kD), ovalbumin (45.0 kD), and
BSA (67.0 kD), all purchased from Sigma. The column was
loaded with 200 pL of Mono-Q-purified germacrene A
synthase, and fractions of 0.5 mL were assayed for their
sesquiterpene cyclase activity.

RESULTS

Detection of the (+)-Germacrene A Synthase Activity in
Chicory Roots

A 100,000g supernatant was prepared from both culti-
vated and wild chicory and incubated with [PH]FPP. The
incubations were extracted subsequently with pentane and
ether; the extracts were analyzed by radio-GC after being
passed over a short aluminum oxide column. The pentane
extracts of both types of plant material revealed one radio-
active product, which in the ether extracts was accompa-
nied by farnesol, a result of aspecific phosphohydrolase
activity. The product peak did not coincide with that of
germacrene B nor that of y-elemene. The unknown product
and farnesol were not present when the supernatant was
boiled before incubation, and the amount of product was
raised after the DEAE purification step in which almost all
phosphohydrolase activity was discarded (Fig. 4).

The peak of the unknown product contained a small
shoulder peak that became the major peak when silica
instead of aluminum oxide was used during the extraction-
filtration procedure. GC-MS analyses demonstrated that
this shoulder peak consisted of a-selinene (Fig. 3, 8),
B-selinene (Fig. 3, 9), and selina-4,11-diene (Fig. 3, 11),
typical acid (silica)-induced cyclization products of germa-
crene A. The Kovats’ index of our enzymatic product was
1737, which matches the value reported for germacrene A
(1734; ML.H. Boelens [1995] database Essential Oil, version
4.1, The Netherlands). The final proof for the identity of the
unknown product was obtained by co-injection of an ex-
tract from the liverwort F. tamarisci, which contains germa-
crene A (Fig. 4).

my CO-INJECTED
SAMPLE

15.0

10.0

germacrene A

5.0

Figure 4. Identification by radio-GC of the un-
FID known product formed by DEAE-purified chic-
ory sesquiterpene cyclase. The upper trace rep-
resents the flame-ionization detector (FID)
response to the hydrocarbons of the co-injected
liverwort extract. The lower trace indicates the
labeled compounds, extracted from the assay,
detected by the radiodetector. The unknown
product represented by peak A coincides with
that of germacrene A present in the liverwort

cPs PENTANE
30 EXTRACT

o

00"00 05'00 10'00 15'00 20'00 25'00 30'00

extract. Peak B and small peak C were, respec-
3|-| tively, identified as selinene (8+9) and selina-
4,11-diene (11).
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Initially, the GC-MS identification of germacrene A (Fig.
3, 7) in both the liverwort extract and the extracts of the
enzyme assay was troublesome because germacrene A re-
arranged into B-elemene (Fig. 3, 10) almost completely
during the measurement. This problem was overcome by
lowering the GC injection port temperature from 210°C to
150°C. At this lowered temperature, almost no Cope rear-
rangement of germacrene A occurred, although the germa-
crene A peak broadened significantly and was preceded by
a “hump” in the baseline.

The Cope rearrangement is a stereospecific reaction that
proceeds via a chair-like transition state (March, 1992).
Since germacranes also prefer the chair-chair conformation,
Cope rearrangement proceeds easily (Takeda, 1974). E,E-
germacrenes are relatively flexible molecules, but in the
case of a large substituent at C,, the conformation having
the substituent at an equatorial position predominates
(Takeda, 1974; Piet et al., 1995a). Hence, the two enanti-
omers of germacrene A (Fig. 5, 7a and 7b) will yield two
enantiomers of B-elemene upon Cope rearrangement (Fig.
5,10a and 10b, respectively); the diastereomers 10c and 10d
will not be formed because the germacrene conformations

Plant Physiol. Vol. 117, 1998

7a’ and 7b’ are energetically unfavorable. This also ex-
plains why the B-elemene diastereomers 10c and 10d have
not been found in nature (Connolly and Hill, 1991).
Using this knowledge, the Cope rearrangement can be
used for the determination of the absolute configuration of
germacrene A. Enzymatically produced germacrene A was
injected on an enantioselective column at an injection port
temperature of either 150°C or 250°C. Whereas a huge peak
of germacrene A was visible at 150°C (besides smaller
amounts of a-selinene [Fig. 3, 8], B-selinene [Fig. 3, 9], selina-
4,11-diene [Fig. 3, 11], and (—)-p-elemene [Fig. 5, 10a]), the
germacrene A was almost completely rearranged into (—)-
B-elemene at an injection port temperature of 250°C (Fig. 6,
A and B). This rearrangement of chicory germacrene A into
(—)-B-elemene (and not into [+]-B-elemene) was substanti-
ated by co-injection of the germacrene A with a racemic
mixture of B-elemene at an injection port temperature of
both 150°C and 250°C (Fig. 6, C and D). The (+)-enantiomer
of B-elemene (10b) (Konig et al., 1994; Teisseire, 1994) has
the same absolute configuration as (—)-germacrene A (7b),
was determined by Weinheimer et al. (1970). Considering
our experiment where no trace of (+)-B-elemene was ob-

10a

¥ A
7a >
1 e
H
A =
7b D ———

—=|= A
7b ——y 3
10d
Figure 5. Conformations of the enantiomers of germacrene A ([+]-enantiomer 7a; [—]-enantiomer 7b), and their relation to

the configuration of the B-elemenes formed by Cope rearrangement.
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Figure 6. Determination of the absolute config-
uration of germacrene A using GC-MS equipped
with a 25-m (0.25-mm i.d.) heptakis(6-O-
TBDMS-2, 3-di-O-methyl)-B-cyclodextrin (50%
in OV17) chiral column. Enzymatically (DEAE-
purified enzyme) produced germacrene A
(39.66 min) that is stable at an injection port
temperature of 150°C (A) is rearranged into (—)-
B-elemene (32.33 min) at an injection port tem-
perature of 250°C (B). Co-injection of the ger-
macrene A with a racemic B-elemene standard
at 150°C (C) and 250°C (D) confirms the identity
of its rearrangement product that co-elutes with
(—)-B-elemene and is separated from the (+)-
enantiomer of B-elemene (32.15 min). Small
amounts of a-selinene (8) (38.52 min),
B-selinene (9) (38.61 min), and selina-4,11-
diene (11) (38.92 min) were detected during all
measurements.
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Figure 7. Upon heating, the (+)-germacrene A
(7a) produced in the enzyme assay rearranges

toward (—)-B-elemene (10a) preserving its chiral N
center. Since chicory does not produce (—)- >
germacrene A, no (+)-B-elemene (10b) was ob-

served. The stereochemical configuration of (+)- PP
germacrene A (7a) is in accordance with the EPP

stereochemistry of the sesquiterpene lactones in
chicory.

de Kraker et al.
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— 7

10b
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Bitter Compounds

10a

served and only its counterpart (—)-B-elemene (10a) was
detected, we conclude that the germacrene A synthase of
chicory produces exclusively (+)-germacrene A (7a) (Fig. 7).

Purification of the (+)-Germacrene A Synthase from
Chicory Roots

A summary of the protocol used in the purification of the
chicory (+)-germacrene A synthase and its results are
given in Table I. Purification was started by preparing a
chicory root 100,000 supernatant and applying it to a
DEAE column. The enzyme activity eluted from the col-
umn around 0.2 M KCI. Although the recovery of this first
purification step was only 30%, it was very successful in
discarding aspecific phosphohydrolase activity. Aliquots
of 1 mL from this partially purified germacrene A synthase
remained stable for several months in 30% (v/v) glycerol
at —80°C, and they served as a stock for all further
experiments.

Several dye ligands were screened for their ability to
bind and release the DEAE-purified germacrene A syn-
thase; good results were obtained with Red A, Reactive
Blue 72, Reactive Red 120, and Reactive Green 5. This
seems to be in line with the results of Lanzaster and Cro-
teau (1991) for the dye ligands Red A, Blue A, and Green A,
and those of Moesta and West (1985) with Red A and
Reactive Blue 2. Since Reactive Green 5 gave the best
results and also since it had been used successfully in the
purification of a trans-p-farnesene synthase from pine nee-
dles (Salin et al., 1995), we chose to carry out our experi-
ments with it. As shown in Table I, we obtained a recovery

slightly above 100% and a 9-fold purification. To ensure a
good interaction of the germacrene A synthase with the
matrix, it was important to warm the sample (at —80°C
stored DEAE-stock; 1 mL) to room temperature before
applying it to the Reactive Green 5 column. For enzyme
stability the fractions containing enzyme activity required
quick desalting into buffer C.

For the next purification step we used a Mono-Q column,
which is often used in the purification of terpene cyclases
(e.g. Savage et al., 1994). An additional advantage of this
method is that it concentrated the enzyme activity, which
was diluted over 8 mL after the dye-ligand purification
step. Enzyme activity eluted from the Mono-Q column in
two fractions of 0.75 mL at 0.15 m KCI with a recovery of
61%. A total purification fold of 201 was obtained. If this
last purification step had been carried out in the absence of
Tween 20, almost no sesquiterpene cyclase activity would
have been detected.

Radio-GC analysis of the incubated Mono-Q-purified
enzyme fractions showed only germacrene A (and its non-
enzymatically produced derivatives). No trace of farnesol
or any other sesquiterpene was detected.

SDS-PAGE showed that the purification was not com-
plete, since at least three bands were detected after the last
purification step (56, 59, and 62 kD). They were also visible
when an excess of iodoacetamide was added to the sample
immediately before applying it to gel; so these bands did
not originate from keratin skin proteins, a common artifact
in the range of 50 to 70 kD when using silver staining
(Ochs, 1983; Gorg et al., 1987).

Table I. Purification of the chicory germacrene A synthase from 75 mL of a 100,000g supernatant (~34 g of root material)

- ) Cyclase . . Purification
Purification Step Protein Activity Specific Activity Recovery Factor
mg nmol h~' nmol h=" mg~’ %
Crude extract (pH 7.0) 34.2 1073 31.3 100 1.0
DEAE 3.95 321 81.3 30 2.6
Green 5 0.45 338 751 31.5 24
Mono-Q 0.033 206 6242 19.2 201
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Characterization of the (+)-Germacrene A Synthase

A fitted curve (> = 0.951) of the germacrene A synthase
activities versus FPP concentration (between 0.5 and 180
um FPP) gave rise to a typical hyperbolic saturation curve
and yielded a K, value of 6.6 um (Fig. 8B). The V., was
estimated at 8.10°> nmol h™! mg ™' protein.

The DEAE-purified sesquiterpene cyclase showed a
rather broad peak of activity at approximately pH 6.3 with
half-maximal activities at pH 5.1 and 7.3 (Fig. 8C). After the
last (Mono-Q) purification step, the optimum pH was
slightly higher (6.7). In the absence of 0.1% Tween 20,
enzyme activity was reduced 5-fold. This preserving/rena-
turing effect of Tween 20 on sesquiterpene cyclase activity
has been described by Lewinsohn et al. (1992) and Davis
et al. (1996).

The molecular mass of the (+)-germacrene A synthase
was estimated at 54 kD (Fig. 8D) with calibrated gel filtra-
tion. This is in line with the results obtained from the
protein gel. Recovery of enzyme activity from the gel-
filtration column was 74%.
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DISCUSSION

The sole enzymatically produced sesquiterpenoid prod-
uct in incubations of a 100,000¢ chicory root supernatant
with FPP was (+)-germacrene A (7). Additional enzymatic
cyclization of this product did not occur. Therefore, we
conclude that this (+)-germacrene A synthase activity,
present in both wild and cultivated chicory, represents the
first dedicated step in the biosynthesis of bitter compounds
in chicory and, more generally, proves the previously pro-
posed mevalonate-FPP-germacradiene pathway in sesqui-
terpene lactone biosynthesis (Herz, 1977; Bohlman and
Zdero, 1978; Fischer, 1990; Song et al., 1995). Germacrene B,
which would be a likely intermediate from a chemical
point of view, appears not to be involved in the biosynthe-
sis of Cg-oxygenated guaianolides in chicory.

Incubations of [’H]germacrene A or [*H]FPP in the pres-
ence of NADPH and O, carried out as described by Cool-
bear and Threlfall (1985) and Threlfall and Whitehead
(1988) support this conclusion. Germacrene A is enzymat-
ically oxidized to a compound having a mass spectrum that
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Figure 8. Characterization of the (+)-germacrene A synthase. A, Linearity of the enzyme assay at 2 um for undiluted Mono-Q
eluent (A) and 2-fold-diluted Mono-Q eluent (O). B, Michaelis-Menten curve featuring a K, of 6.6 um and a V,,,, of 66.8
pmol h™'. C, pH curve for DEAE-purified enzyme in the absence (- - -) and presence (——) of 0.1% Tween 20 using NaAc
(©, #), Mes (I, W), Mopso (A, A), and Tris-HCI (O, @). Also shown is the pH curve for Mono-Q-purified enzyme in the
presence of Tween 20 (X). D, Determination of the M, by calibrated gel filtration. The column is calibrated by measuring
the elution volume (M) of Cyt c (12.4 kD), RNase A (13.7 kD), a-chymotrypsinogen (25.0 kD), ovalbumin (45.0 kD), and BSA
(67.0 kD). The elution volume of germacrene A synthase activity (A) corresponds to an estimated molecular mass of 54 kD.
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is identical to that of elema-1,3,11(13)-trien-12-ol (Maurer
and Grieder, 1977; J.-W. de Kraker, unpublished results).
Most probably, it is the Cope-rearrangement product of
1(10),4,11(13)-germacratrien-12-ol, indicating that, in chic-
ory, germacrene A is further metabolized into a 12-
hydroxylated germacrene.

In line with other enzymes belonging to the group of
sesquiterpene cyclases, the (+)-germacrene A synthase
from chicory operated optimally at approximately pH 6.7
with a rather broad peak of activity. A molecular mass of 54
kD, estimated by calibrated gel filtration, and a K, value of
6.6 uM were also in the same range as those observed for a
number of higher plant sesquiterpene cyclases (Croteau
and Cane, 1985; Cane, 1990) (Fig. 8).

Germacrene A itself is reported to be a highly unstable
compound susceptible to both proton-induced cyclizations
and heat-induced Cope rearrangement, and it would be
unstable even at —20°C (Fig. 3) (Weinheimer et al., 1970;
Bowers et al., 1977; Teisseire 1994). Our experiments
showed otherwise. When silica was used during the assay
extraction-filtration procedure, one-half of the germacrene
A was cyclized toward a-selinene (8), B-selinene (9), and
selina-4,11-diene (11). To our knowledge the latter com-
pound has not been reported before in this context, but
originates from the same intermediate carbocation as the
other two selinenes. Using neutral aluminum oxide instead
of the slightly acidic silica effectively minimized the non-
enzymatic cyclization. Cope rearrangement of germacrene
A did not occur, not even during incubations at 30°C
overnight.

Cope rearrangement to B-elemene (10) can be a problem
in GC measurements due to the high temperatures in-
volved. However, reducing the injection port temperature
to 150°C greatly diminished Cope rearrangement. If cold
on-column injection is applied, no Cope rearrangement
will be observed at all. Rearrangement of germacrene A
and germacrene B during GC-MS measurement was de-
tected by Wichtman and Stahl-Biskup (1987), whereas the
influence of GC injection port temperature on Cope rear-
rangement was studied for germacrone by Reichardt et al.
(1988). Nevertheless, high injection port temperatures in
combination with enantioselective GC proved to be very
useful in determining the absolute configuration of the
germacrene A formed by the isolated enzyme. The heat-
induced Cope rearrangement is stereospecific and the
chiral center at C7 is not involved in this reaction (Wein-
heimer et al.,, 1970; Takeda, 1974; March, 1992) (Fig. 5).
Since only (—)-B-elemene (10a) was obtained, we can des-
ignate our enzymatic product as the (+)-enantiomer of
germacrene A (7a) (Figs. 6 and 7).

In chicory, just as in the majority of higher plants, ses-
quiterpene lactones possess an a-methylene-vy-lactone ring
in which the proton at the C,-position of the sesquiterpe-
noid framework is, without exception, a-oriented (Bachelor
and Ito, 1973; Seto et al., 1988; Fischer 1990; van Beek et
al., 1990). Therefore, the absolute configuration of (+)-
germacrene A corresponds with its biochemical fate, and
the configuration is already determined in the first step of
sesquiterpene lactone biosynthesis (Fig. 7).

Plant Physiol. Vol. 117, 1998

Recently, Chappell and coworkers elucidated the crystal
structure of 5-epi-aristolochene synthase and unraveled its
enzymatic mechanism, which must be similar to that of
vetispiradiene synthase, as several constructed epi-
aristolochene-vetispiradiene chimeras demonstrated (Back
and Chappell, 1996). In a first step FPP is bound to the
enzyme and dephosphorylated, generating germacrene A.
The germacrene A intermediate is then once more cyclized
toward a eudesmane carbocation whose final destination,
either epi-aristolochene or vetispiradiene, depends upon
the particular active site conformation of the sesquiterpene
cyclase involved (Starks et al., 1997).

The existence of the germacrene A intermediate has also
been revealed in incubations of epi-aristolochene synthase
using the anomalous substrate (7R)-6,7-dihydrofarnesyl
diphosphate instead of FPP. In these experiments the in-
termediate dihydro-germacrene A is released because it
cannot be further cyclized to the eudesmane (Cane and
Tsantrizos, 1996).

It is generally assumed that the germacrene A interme-
diate is involved in the biosynthesis of numerous
eudesmane- and eremophilane-type sesquiterpenes (Beale,
1990); however, so far it has never been detected because it
remains bound to the sesquiterpene cyclase (Cane et al.,
1990; Cane and Tsantrizos, 1996). Nevertheless, various
species such as the liverwort F. tamarisci (W.A. Konig,
unpublished results), caraway (Wichtman and Stahl-
Biskup, 1987), the gorgonian Eunice mammosa (Weinheimer
et al., 1970), and the spotted alfalfa aphid (Bowers et al.,
1976) contain germacrene A and should therefore also con-
tain the corresponding germacrene A synthase.

Despite thorough analyses, no trace of germacrene A
(nor any other sesquiterpene hydrocarbon) has ever been
detected in chicory (Leclercq, 1992). Consequently, it is
rather peculiar that chicory contains an enzyme that re-
leases germacrene A. Why is FPP not immediately cyclized,
within one enzymatic step, toward a eudesmane or a gua-
iane by a (hypothetical) eudesmane synthase or guaiane
synthase? In other words, why is germacrene A released by
the chicory sesquiterpene cyclase instead of being sub-
jected to a second cyclization step? It seems that in sesqui-
terpene lactone biosynthesis a different type of reaction is
needed before such a second cyclization can take place.

Based upon the study of a large number of stereospecific
biomimetic transformations of germacradienolides and
their derivatives into methyleudesmanolides and guaiano-
lides (Fischer, 1990), as well as the study of acid-induced
cyclizations of germacrene B epoxides (Brown et al., 1975;
Piet et al., 1995b), it has been postulated that this second
cyclization is directed by epoxidations. A germacradieno-
lide C,-Cs-epoxide would be cyclized to a guaianolide,
whereas a germacradienolide C,-C,,-epoxide would be cy-
clized to a eudesmanolide (Fischer, 1990; Teisseire, 1994;
Song et al., 1995). Such a cyclization of germacradienolide
epoxides toward either a guaianolide or a eudesmanolide,
depending on the position of the epoxide, is presumed to
be catalyzed by one and the same germacrane cyclase that
possesses a broad substrate specificity (Piet et al., 1996).

Piet et al. (1996) noticed that all germacranolides and
almost all eudesmanolides of chicory posses a glucosilated
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Figure 9. Proposed pathway for the biosynthesis of sesquiterpene lactones in chicory using the (+)-germacrene A synthase
as a starting point. It is not known at which stages the oxidative steps take place.

hydroxyl function at C;, whereas the guaianolides lack this
function and have an olefinic C; atom. An alternative
biopathway (Fig. 9) is proposed in which this C5-hydroxyl
function plays a crucial role. As we have demonstrated for
chicory, sesquiterpene lactone biosynthesis starts with the
cyclization of FPP to (+)-germacrene A. Through several
oxidative steps (+)-germacrene A might be transformed
into a germacranolide (12), which would be the branching
point in the biosynthesis of guaianolides, eudesmanolides,
and germacranolides. So far, this compound has not been
detected in chicory and is probably quickly subjected to the
next biochemical step, just like germacrene A, that has not
been detected in vivo either. Cyclization of 12 by a germa-
crane cyclase would start with the protonation of the Cs;-
hydroxyl group, which is then released as a water mole-
cule. The carbocation thus formed leads to guaianolides via
1,5-cyclization. Glucosylation of the C;-hydroxyl function
would prevent this type of cyclization; it leaves the ger-
macranolides as such or leads to the germacrane cyclase
mediated cyclization toward eudesmanolides.

Several questions about the biosynthetic sequence re-
main unanswered, such as at which stages the hydroxyla-
tions take place and/or the lactone is formed. The moment
at which glucosylation occurs is also unknown. Future
research on the oxidative steps involved will shed more
light on the biosynthesis of chicory sesquiterpene lactones.
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