Phytochemistry. 1974, Vol. 13, pp. 1817 to 1823, Pergamon Press.  Printed in England.

IN VITRO BIOSYNTHESIS OF
ISOPENTENYLACETOPHENONES IN
EUPATORIUM RUGOSUM

TsuNG-JEN LIN* and PETER HEINSTEINT

Department of Medicinal Chemistry and Pharmacognosy, School of Pharmacy and Pharmacal Sciences, Purdue
University. West Lafayette. IN 47907. U.S.A.

(Received 21 Norember 1973)

Key Word Index—Eupatorium rugosum; Compositae ; snakeroot; isopentenylacetophenones; dehydrotremetone;
cell free homogenate; biosynthesis.

Abstract—A cell free homogenate of Eupatorium rugosum leaves was prepared and utilized to study the biosyn-
thesis of dehydrotremetone (1). Homogenates of young leaves were most efficient in the formation of 1. The furan
ring and its side chain were derived from an isoprenoid unit, which appeared to be isopentenyl pyrophosphate
and not dimethylallyl pyrophosphate. Potential aromatic precursors such as 4-hydroxyacetophenone and 4-hyd-
roxy-3[isopenten-(2)-yl]-acetophenone were poorly utilized. However. tremetone, especially in the presence of the
coenzyme NADP, was very efficiently converted to 1. An apparent intermediate in the pathway leading to 1 was
isolated and appeared similar to 4-hydroxy-3[isopenten-(2)-yl]-acetophenone. It is proposed that the aromatic
moiety of 1 is derived from acetate via a polyketide intermediate, which undergoes isoprenylation by isopentenyl
pyrophosphate, followed by aromatization and furan ring closure.

INTRODUCTION{

ALTHOUGH it has been previously demonstrated® that the aromatic ring of dehydrotreme-
tone (1) is biosynthetically formed from acetate and the side-chain from an isoprene unit
in Eupatorium rugosum leaves. the incorporation of possible intermediates in the pathway
was difficult to demonstrate in vivo. Furthermore, the specific isoprene precursor, which-
is utilized to alkylate the polyacetate moiety, cannot be readily identified in such exper-
iments, due to the impermeability of membranes by MVA? as well as by the isoprenoid
pyrophosphates. It was of interest therefore to prepare a cell free system of E. rugosum
tissue which could not only readily synthesize 1 in vitro but also accumulate and utilize
any possible intermediates.

RESULTS
Preparation and properties of the cell-free system.

Because of the problems® associated with the extraction of enzymes from plant tissues
a number of buffer systems and protecting agents®+* were initially added to the extraction
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TaBLE [. COFACTORS. INHIBITORS AND CONDITIONS AFFECTING THE

DEHYDROTREMETONE

INCORPORATION OF IPP-[1-"*C] 1INTO

Incorporation
Treatment* (nmol) Per cent of control

Complete system (a) 0-78 [100]
—EDTA 011 140
—EtSH. —cysteine 0-1& 230
— Sucrose 038 48:0
—MgCl, 0 0

—Polyclar AT 018 230
pH 7:0 0-02 30
pH 80 0-06 80
Incubation in the dark 06 784
+ Sonification 1-:24 160-0
Complete system (b) 305 [100]
+ CaCl, (4 mM) 329 108-0
+FeSO, (4 mM) 209 686
+CuSO, (4 mM) 1-66 543
+ lodoacetate (04 mM) 329 1080
-+ lodoacetate (2-:0 mM) [-10 36:0
+ lodoacetate (-2 M) 0-27 &8

* Each incubation in (a) contained 31 x 10 dpm of IPP-[1-'*C] as substrate and in (b} contained 3-7 x 10°

dpm of IPP-[1-'#(7].

medium with little recovery of activity. The extraction medium finally chosen was largely
obtained through trial and error (Table 1) and consisted of 0-3 M sucrose, 0-01 M MgCl,,
0-02M EDTA, 0-:02 M cysteine, 0-01 M EtSH, 0-0l M KF, 0:I M Tris-HCL pH 7-8. and
polyclar AT (25%, of the weight of the plant material). Different tissue disruption and
extraction procedures were also tried, but grinding of the plant material in a mortar with
dry ice and buffer, followed by sonication (Table 1) gave the best results. Rather unusual
was the requirement for EDTA-MgCl, ina ratio of 2: [, and each appeared to be essential
for activity (Table 1). In view of the inhibitory properties of FeSO, and CuSO, (Table 1)
the high concentration of EDTA is most likely required to bind multivalent ions other
than Mg~ in the homogenate. Optimum activity was dependent on pH adjustment to
7-4-7-8 (Table 1). One or more of the enzymes involved appeared to contain sulfhydryl
proteins since a requirement of EtSH and/or cysteine was found. Furthermore the sulfhyd-
ryl reagent iodoacetamide strongly inhibited the formation of dehydrotremetone (Table 1).

The selection of the proper plant material was also found to be important for the prep-
aration of cell free homogenates capable of synthesizing dehvdrotremetone (Table 2). Stem

TABLE 2. EFFECT OF AGE AND TREATMENT OF LEAVES ON THE FORMATION OF DEHYDROTREMETONE

Incorporation into dehydrotremetone

Age and/or treatment* {nmol) (7))
Young leaves—-{resh 1-86 0-13
Mature leaves—fresh 097 0-06
Old leaves—fresh 0-09 0-007
Young leaves—stored frozen 0 0
Young leaves-—lyophilized-—stored 4 months 337 0-21
Young leaves—lyophilized-—stored 6 months 0 0
Young leaves— lyophilized- -boiled homogenate 0 0

* 31 x 107 dpm of IPP-[1-1*C] were added as substrate to cach incubation,
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tissue showed little or no activity and root tissue, although highly active, did not synthesize
dehydrotremetone but chromenes,® which are structurally related to the benzofurans.®”’
Young, fresh leaves were a good source of enzymatic activity, which decreased with age
of the leaves (Table 2). Young leaves could not be stored frozen because biosynthetic acti-
vity was lost. However, upon lyophilization, active homogenates could be obtained from
young leaves up to 4 months after harvesting (Table 2) but thereafter activity rapidly de-
clined.

Identification of the product of the biosynthetic reaction

The assay of the cell free formation of dehydrotremetone consisted of TLC and deter-
mination of the radioactivity of the eluted spot. Therefore, it was important to ensure that
the recovered compound was not contaminated by substrate or by other radioactive com-
pounds which were not derived via the same pathway. For this purpose the material eluted
from the TLC zone was mixed with authentic dehydrotremetone and recrystallized. The
spectific activity remained constant after the first recrystallization and the loss of radioacti-
vity in the first crystallization was found to be due mainly to contamination by tremetone.
However, since tremetone is also a benzofuran compound and derived via the same path-
way, it was concluded that the TLC assay was sufficiently accurate for the present investi-
gation. In experiments where new substrates were used the same procedure was employed
to test the accuracy of the assay.

TABLE 3. THE UTILIZATION OF ISOPRENOID COMPOUNDS IN THE
FORMATION OF DEHYDROTREMETONE

Incorporation
Substrate (nmol)

Experiment 1*

IPP-[1-'4C] 2:54
IPP-[1-14C] + ATP (2 mM) 2:60
DMAPP-[1-4C] 0-59
DMAPP-[1-1*C] + ATP (2 mM) 0-71
MVA-[5-*H] 0
MVA-[5-*H] + ATP (2 mM) 0-20
Experiment 2

IPP-[1-14C} (0-07 mM) 2:21
IPP-[1-'4C] + DMAPP (0:12 mM) 300
IPP-[1-14C] + DMAPP (0-46 mM) 3:47
IPP-[1-'*C] + DMAPP (1-16 mM) 536
DMAPP-[1-'*C] (0-09 mM) 05t
DMAPP-[1-'4C] + IPP (0-1 mM) 0-48
DMAPP-[1-'%C] + IPP (0-4 mM) 047
DMAPP-[1-'4C] + IPP (10 mM) 0-46

* In the Experiment | the amounts of radioactive substrate
added to the incubations were as follows: IPP-[1-'*C] =
2:02 x 10°dpm, DMAPP-[1-'*C] = 164 x 10° dpm, MVA-
[5-°H] = 44 x 107 dpm.

T he utilization of isoprenoid substrates

Besides IPP-[ 1-'*C] other isoprene units were tested as substrates for the cell free for-
mation of dehydrotremetone (Table 3). MVA-[*H] was significantly better incorporated

5 LN, T.-J. and HeINSTEIN. P. unpublished results.
& ANTHONSON, T. (1969) Acta Chem. Scand. 23, 3305.
7 TAYLOR, D. R. and WRIGHT. J. A. (1971) Phytochemistry 10, 1665.



1820 T.-J. Lin and P. HEINSTEIN

in the cell free system than in the intact plants.! However. both DMAPP-[1-'*C] and
MVA-[5-3HT were inferior to IPP-[1-1#C] as substrates. The incorporation of MVA-[3-
*H] was completely dependent on ATP, whereas the incorporation of DMAPP-[1-1*(C]
was only slightly increased by ATP (Table 3). ATP had no effect on the utilization of IPP-
[1-1#C7.

In a separate experiment (Table 3). the incorporation of IPP-[1-'*CT into dehydrotre-
metone was increased 2-fold by the addition of unlabeled DMAPP. However, where the
concentration of DMAPP-[1-'#C] was kept constant and unlabeled IPP was added no
increase in the utilization of DMAPP-[1-'4C] was observed.

Utilization of potential aromatic precursors

A number of possible precursors of dehydrotremetone were labeled with *H and incu-
bated with the cell free homogenate. The results in Table 4 showed that only tremetone
was utilized as much, upon the addition of NADP, as IPP-[1-'*C7]. Of the cxpected aro-
matic precursors. 4-hydroxyacetophenone was virtually inactive and 4-hydroxy-3[iso-
penten-(2)-ylJacetophenone which appeared to be a reasonable precursor for the furan ring
formation. was a very poor substrate comparcd to IPP-[ {-'*C] and tremetone (Table 4).

TaBLE: 4. INCORPORATION OF POTINTIAL AROMATIC PRECURSORS INTO
DEHYDROTREMETONE

Incorporation

Substrates® (")
[PP-[1-'#C] (449 x 10° cpm) 01
4-Hydroxy-3[isopenten-(2)-yl Jacetophenone-*H 0-006
4-Hydroxyacetophenone-H (001
Tremetone-*H 0 1%
Tremetone-*H. + NADP 067
Tremetone-*H. + NADP. + boiled homogenate o

* The following amounts of radioactive substrates were added 1o the
incubation mixtures: IPP-[1-"3C] = 6:55 x 10 dpm. <4-hydroxy-
3[isopenten-(2)-ylJacetophenone-*H = 2:26 x 107 dpm. 4-hydroxy-
acetophenone-*H = 92 x 10° dpm, II-'H = 808 x 10° dpm.

+ Since tremetone and dehydrotremetone migrated close to cach
other in the TLC-assay system. cold dehydrotremetone was added
upon termination of the incubation and the mixture recrystailized 1o
constant sp. act.

Isolation of a possible intermediate in the formation of dehydrotremetone

During the TLC assay of the IPP-[ 1-'*C] incorporation cxperiments two other radioac-
tive spots were obtained on the TLC-plates. One migrating closc to the solvent front
appeared to be carotenoid in nature and was therefore disregarded. Another area on the
chromatogram, which was close to the origin on the TLC plate and therefore more polar
than dehydrotremetone, was designated 1PP-NO-3. I[PP-[1-*C] was incorporated into
IPP-NO-3 15 times more efficiently than into dehydrotremetone. The ratio of incorpor-
ation of IPP-[1-1*C7] into IPP-NO-3 and dehydrotremetone was constantly found to be
155 + 2under a number of experimental conditions. It appeared therefore that IPP-NO-
3is biosynthetically related to dehydrotremetone and perhaps an intermediate in the path-
way leading from IPP-[1-"*C]. Therefore IPP-NO-3-[1*C] was isolated and reincubated
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with the cell free homogenate. As shown in Table 5 IPP-NO-3 was 8 times more efficiently
incorporated into dehydrotremetone than IPP-[1-!4C].

TABLE 5. INCORPORATION OF IPP-NO-3-['*C] INTO DEHYDROTREMETONE

Incorporation Relative to control
Substrate* (%) VA
IPP-{1-'4C] . 014 [100]
IPP-NO-3-['4C] 1-12 800
IPP-NO-3-['*C], boiled homogenate 0 0

* The amounts of radioactive substrate added were as follows: IPP-[1-'*C] = 2-1 x 10° dpm, IPP-NO-
3-[14C] = 2:24 x 10° dpm.

From the positive reaction of [PP-NO-3 with the 2,4-dinitrophenol reagent and an iden-
tical TLC R, value to 4-hydroxy-3[isopenten-(2)-ylJacetophenone it appeared at first that
the two compounds were identical. Although chromatography of a mixture of *H-4-hyd-
roxy-3[isopenten-(2)-ylJacetophenone and IPP-NO-3-[!*C] on TLC in three different
solvent systems showed only one radioactive peak, the *H/'*C ratio was found to be lower
than that of either of the compounds (Table 6, experiment 1).

TAaBLE 6. COMPARISON OF IPP-NO-3-['*C] AND 4-HYDROXY-3[ISOPENTEN-(2)-YL]JACETOPHENONE-*H

Experiment 1: 3H/!*C ratio of IPP-NO-3-[1*C] and 4-hydroxy-3[isopenten-(2)-yljacetophenone-*H on TLC

plates*

Solvent 3H/'*C ratio
MeOH--C.H, (2:98) 567
MeOH(C.H, (5:95) 6-00
CHCl, 5-50

Experiment 2: competitive utilization of IPP-NQO-3-['4C] and 4-hydroxy-3[isopenten-(2)-ylJacetophenone-
3H for the synthesis of dehydrotremetone

Ratioactivity

3H x4C
Sample (dpm) (dpm) 3SH/'C ratio
Substrate mixture 80727 9242 873
Isolated dehydrotremetone 1196 218 5-50
Reisolated IPP-NO-3 16626 2208 7-52

* The original *H/’*C ratio of the mixture was 7-75.

These results indicated that the two compounds were probably similar in structure but
not identical. This was further supported by experiment 2, Table 6 in which the two com-
pounds with a known 3H/'*C ratio were incubated with a cell free homogenate of the
plant. The results showed that the *H/!*C ratio of the isolated dehydrotremetone was
lower than that of the original substrate mixture, indicating that IPP-NO-3 was preferential
utilized. Finally the IR spectra of the two compounds were compared. Although both com-
pounds appeared to be ketones, and contained a hydroxyl function and an aromatic
moiety, the spectra were not identical.
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DISCUSSION

From the previous results' it appeared that the acetophenone moiety of dehydrotreme-
tone is derived from acetate via a polyketide. which then would undergo cyclization to 4-
hydroxyacetophenone, followed by isoprenylation. This sequence of reactions has already
been postulated® and experimental evidence has been presented that in the formation of
psoralen” and ergot alkaloids'” the aromatic ring undergoes isoprenylation. However. in
both these cases the aromatic precursor is not derived via a polvacetate intermediate. In
the present work 4-hydroxyacetophenone, the most likely aromatic precursor of dehydro-
tremetone, was a very poor substrate and 4-hydroxy-3[isopenten-2-(yl)]Jacetophenone
which has been postulated® to undergo cyclization to the benzofuran. was also a poor sub-
strate. A number of explanatious are possible to explain these results. Either (1) 4-hydroxy-
3[isopenten-2-(yl)]Jacetophenone is not an intermediate in the pathway and isoprenylation
occurs directly on the polyketide intermediate followed by aromatization or (2) the
enzymes catalyzing the formation of dehydrotremetone are located in a subcellular particle
into which entry of the aromatic precursors was difficult. In the latter case a poor utiliza-
tion of the pyrophosphorylated isoprenoid compound and tremetone would have been
expected. but in [act these substrates were found to be good precursors. A possible
explanation therefore is isoprenylation before cyclization to an aromatic ring, a4 proccss
which would bypass the destruction of the aromatic resonance cnergy in the transition
state of the substitution of an aromatic ring.

The poor utilization of 4-hydroxy-3[isopenten-(2)-ylJacetophenone in conjunction with
the isolation of IPP-NO-3 and the similarity of the two compounds. appeared to indicate
that the former is not an intermediate in the formation of dehvdrotremetone but that the
true intermediate 1s [PP-NO-3. From preliminary results it appeared that IPP-NO-3 was
an acetophenone-isoprenoid compound. but with the double bond in the side chain at a
different position or with an epoxide function in the side chain.®

There appeared to be little doubt that the furan ring and its side chain was derived from
an isoprenoid unit. In all cases reported in the literature, DMAPP appeared to be the pre-
ferred substrate for isoprenylation of aromatic compounds. However, in our results in all
experiments [PP was preferentially incorporated over DMAPP by a factor of 5. Fur-
thermore. the addition of unlabeled DMAPP to the radioactive IPP more than doubled
the utilization of IPP-[1-'*C]. This would indicate that in E. rugosum 1PP is the iso-
prenoid unit which participates in the isoprenylation reaction. Although unlikely, in view
of the competition experiment performed, the possibility of the preferential destruction of
DMAPP. or the rapid utilization of DMAPP for the formation of other isoprenoid com-
pounds, in the crude homogenate. and consequently the preferential incorporation of IPP.
cannot be excluded.

EXPERIMENTAL
Preparation of substrates. The chemical synthesis and purification of IPP-[1-'*C]"! (sp. act.: O-1 uCi umol} and
DMAPP-[1-'*C]'? (sp. act.: 014 pCi/umol) has been reported.!®' ! MVA-[5-*H] (sp. act. 200 uCi, umol) was
purchased {Schwarz/Mann). The synthesis of tremetone-[*H7, 4-hydroxy-3[isopenten-(2)-vlJacetophenone-[*H]
and 4-hydroxyacetophenone-[*H] has been described.
Preparation of the cell free homogenate. Plant material was washed with H,O. cut into small pieces and then
ground in a4 mortar with dry ice. 3 vol of buffer (0-1 M Tris HCL pH 7-8 03 M sucrose. 001 M MgCl.. 0-02 M

¥ BoHLmann, F.and GreNz, M. (1970) Chem. Ber. 103, 90.

“Evris. B E.and BRoOwN, S. A, (1973) Phivtochemical Society of Novth America. 13th Annual Mecting Abstr.
C-12.

" HessTEIN. PoFL Lek, S L.and Fross, H. G. (1971) Biochim. Biophys. Res. Compir. 44, 1234,

U Apavs. SR and Henstias. PoF.(1973) Phvtochemistiy 12, 2167,
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EDTA, 0-02 M cysteine, 001 M EtSH, 001 M KF) and one part Polyclar AT to 4 parts plant material. After
grinding for 15 min, the ratio of buffer to plant material was adjusted to 5:1 (v/w). For lyophilized leaves the
ratio of buffer to plant material was adjusted to 20:1. The slurry was ground in an Omni-Mixer at maximum
speed 4 x for 10sec at 0°. The homogenate was then filtered through 4 layers of cheesecloth and sonicated for
5 sec/ml. The homogenate (10 ml) was incubated with the appropriate substrate(s) and cofactor(s) for 14 hr at
30° with shaking. For all incubations IPP-[1-!*C] incorporation was used as a control. Background controls
consisted of incubation of the substrate with 10 ml of homogenate previously immersed for 10 min in boiling
H,O.

Assay and isolation of intermediates. After the incubation the homogenate was shaken vigorously with 20 ml
of CHCl,;, followed by centrifugation for 10 min at 15000g. The CHCI, layer was removed and the extraction
repeated once with [0 ml of CHCI,. The combined CHCl; extracts were evaporated to dryness, the residue dis-
solved in | mi of C H, and passed through a silicic acid column (0-2 x | cm) and eluted with C,Hg. 3 ml of
eluate was collected, conc. under a stream of N, and examined by silica gel TLC using MeOH-C,H, (1:49).
The adsorbent containing the fluorescent band of dehydrotremetone (R;:0-55) was removed and transferred into
vials and counted in a liquid scintillation counter. Quenching and counting efficiency in the presence of silica
gel was measured by the addition of an internal standard.

To ascertain the radioactive purity of dehydrotremetone. a number of mcubatlons were extracted and several
TLC plates used to obtain sufficient compound for recrystallization, which was then carried out as described
before.! IPP-NO-3 was isolated from the C,H, eluate of the silica gel columns by preparative TLC using the
MeOH-CH, system. The radioactive band corresponding to IPP-NO-3 was removed. eluted with MeOH,
concentrated and loaded on to another preparative TLC plates and run in MeOH- C,H,, (1:9). After location.
removal and elution with MeOH, 1-5 mg of material was obtained with sufficient radioactivity to carry out the
experiments described but not sufficient for PMR examination.



