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Abstract-A cell free homogenate of Eupatoriurn rugosum leaves was prepared and utilized to study the biosyn- 
thesis of dehydrotremetone (I). Homogenates of young leaves were most efftcient 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-.i[isopentcn-(2)-yl]-ncetophenonc were pool-ly util&d. However. trcmctone. cspccially in the presence of the 
coenzyme NADP, was very efficiently converted to 1. An apparent intermediate in the pathway leading to I was 
isolated and appeared similar to 4-hydroxy-3[isopenten-(2)-ylJ-acetophenonc. 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. 

INTRODUCTIONS 

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 Etrpc~ror.iuni r~~qo.sir~n leaves. the incorporation of possible intermediates in the pathway 
was difficult to demonstrate in uivo. 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 MVA2 as well as by the isoprenoid 
pyrophosphates. It was of interest therefore to prepare a cell free system of E. rztgosum 
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 problems3 associated with the extraction of enzymes from plant tissues 
a number of buffer systems and protecting agents3,4 were initially added to the extraction 
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_____ -__-- _____- 

Incorporation 
Treatment” (nmol) Per cent ofcontrol 

_ _-- 

Complete system (a) O-78 [ I OO] 
-EDTA 0.1 1 13.0 
- EtSH. -cqsteme 0.1 8 23.0 
-Sucrose 0,3x a.0 
-M&I, 0 0 
- Polyclar AT 0. I 8 1.34 
pH 7.0 0.0’ 3.0 
pH 8.0 ow3 x.0 
Incubation in the dark 0 6 75-J 
+ Sonlfication I.14 I604) 
Complete system (b) 3.05 [ ICiOJ 
+CaClz (3 mM) j.20 I OX.0 
+ FeSO, (4 mM) 7.0’) hS% 
+ CuSO, (4 mM) I-66 54~.7 
+ Iodoacetate (04 mMl i.2’) I ox.0 
+ Iodoacetate (2.0 mM) I.10 76.0 
+ Iodoacetatc (02 M) 0.27 x-s 

* Each incubation m (a) contained 3.1 x IOi dpm of IPP-[ I-‘“(‘] as whctratc and in (h) contained 3.7 x IO” 
dpm of IPP-[_I-‘“Cl. 

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 041 M MgCl,. 
002 M EDTA, 0.01 M cysteine, 041 M EtSH. 001 M KF. 0.1 M Tris-HCl. pH 7.8. and 
polyclar AT (X,, of the weight of the plant material). Different tissue disruption and 
extraction procedures were also tried. but grinding of the plant matcriai in a mortar with 
dry ice and buffer, followed by sonication (Table 1) gave the best results. Rather unusual 
was the requirement for EDTA MgCI, in a ratio ot 2: I, and each appeared to be essential 

for activity (T~thlc 1). In vie\\ of the inhibitory properties of FeSO, and CuSO, (Table 1) 
the high concentration of EDTA is most likely requited to bind multivalent ions other 
than Mg ’ _ in the homogenate. Optimum activity was dependent on pH adjustment to 
74 7.8 (Table I). One or mot-c of the enzymes involved appeared to contain sulfhydryl 
proteins since a requirement of EtSH and/or cystcine was found. Furthermore the sulfhyd- 
t-y.1 reagent iodoacctamide strongly inhibited the formation of dcll~drotremctone (Table I). 

The selection of the proper plant material uas also found to bc important for the prep- 
aration of cell free homogenates capable of synthesizing dehydrotremctone (Table 3). Stem 

Age andior treatment* 

Young leaves fresh 
Mature leaves -fresh 
Old leaves--fresh 
Young leaves---stored frozen 
Young leaves~~~lyophilized---stored 4 months 
Young leaves--IyophiliLedGstored 6 months 
Young leaves lyophilized boiled homogenate 

* 3.1 A IO’ dpm of IPP-[ I-‘%~] Lverc Lidded as suhstr:+te to each mcrthation 
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tissue showed little or no activity and root tissue, although highly active, did not synthesize 
dehydrotremetone but chromenes,5 which are structurally related to the benzofurans.6,7 
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. 

IdentiJicatiorl of the product qf the biosynthetic reactiorl 

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 ISOPR~NOID COMPOUNDS IN THF 
FORMATIONOF DEHYDROTREMETONE 

Substrate 

ExperiAent I* 
IPP-[l-l%] 
IPP-[1-‘4C] + ATP (2 mM) 
DMAPP-[1-‘4C] 
DMAPP-[l-14C] + ATP (2 mM) 
MVA-[5-3H] 
MVA-[5-3H] + ATP (2 mM) 

Experiment 2 
IPP-[ l-“%Z] (007 mM) 
IPP-[I-‘4C] + DMAPP (0.12 mM) 
IPP-[I-‘4C] + DMAPP (0.46 mM) 
IPP-[I-‘4C] + DMAPP (1.16mM) 
DMAPP-[1-‘4C] (0.09 mM) 
DMAPP-[1-‘4C] + IPP (0.1 mM) 
DMAPP-[l-14C] + IPP (0.4 mM) 
DMAPP-[l-‘%I + IPP (I,OmM) 

Incorporation 
(nmol) 

2.54 
2.60 
0.59 
0.71 
0, 
0.20 

2.21 
3GO 
3.41 
5.36 
@51 
0.48 
0.47 
0.46 

* In the Experiment I the amounts of radioactive substrate 
added to the incubations wcrc as follows: IPP-[I-‘4C] = 
2.02 x IO5 dpm. DMAPP-[I-“‘Cl = I.64 x lOi dpm, MVA- 
[5-3H] = 4.4 x IO’dpm. 

The utilization of isoprenoid substrates 

Besides IPP-[I-14C] other isoprene units were tested as substrates for the cell free for- 
mation of dehydrotremetone (Table 3). MVA-C3H] was significantly better incorporated 
5 LIN, T.-J. and HEINSTEIK. P. unpublished results. 
6 ANTHONSON, T. (I 969) Actcl Chrm. Scared. 23, 3305. 
’ TAYLOR, D. R. and WRIGHT. J. A.(l971) Ph~todwn7ist~~ IO, 1665. 
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in the cell free system than in the intact plants.’ However. both DMAPP-[I-‘“C] and 
MVA-[S3H] were inferior to IPP-[I-‘“C] as substrates. The incorporatipn of MVA-[S- 

3H] was complete y 1 dependent on ATP. whereas the incorporation of DMAPP-[I-“C] 
was only slightly increased by ATP (Table 3). ATP had no effect on the utilization of IPP- 
[ I-‘4C]. 

In a separate experiment (Table 3). the incorporation of IPP-[ 1-“C] into dehydrotrc- 
metone was increased Z-fold bq the addition of unlabclcd DMAPP. However. where the 

concentration of DMAPP-[I-‘“C] was kept constant and unlabeled IPP was added no 
increase in the utilization of DMAPP-[ 1-14C] was observed. 

A number of possible precursors of dchydrotremctone were labeled with 3H and incu- 
bated with the ccl1 free homogcnatc. The results in Table -1 shoL\ctl that only tremetonc 
was utilized as much, upon the addition of NADP, as IPP-[ I-“C]. Of the cvpccted are- 
matic precursors. 4-hydroxyacetophcnone \vas L-irtuall) inactive and 4-hg,droxy-3[iso- 
penten-(2)-yllacetophenonc which appeared to be a reaso~~ablz precursor for the furan ring 
formation, was a very poor substrate compvrcd to IPP-[I-“c‘] and trernctono (Table 4). 

During the TLC assay of the IPP-[I-‘“C] incorporation cuperiments two other radioac- 
tive spots were obtained on the TLC-plates. One migrating close to the solvent front 
appeared to be carotenoid in nature and was therefore disrcgardcd. Another area on the 
chromatogram. which was clost: to the origin on the TLC plate and therefore more polar 
than dehydrotremetone. was designated IPP-NO-J. IPP-[ I -‘“C] ~4~s incorporated into 
IPP-NO-3 I5 times more cficiently than into dehydrotrernctone. The ratio of incorpor- 
ation of IPP-[ i-14CJ into IPP-NO-3 and dchydrotrcmetone was constantly found to he 
15.5 + 2 under a number of c\pcrimcntal conditions. It appc;~rcd thcrcxfore that IPP-NO- 
3 is b&nthcticallq related to dch~di.otrcmetollc and perhaps an intcrmcdiate in the path- 
ua!, leading from JPP-[ 1-I “C], Thcrcforc IPP-NO-3-[“<‘1 \\;Is isolated and rcincubatcd 
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with the cell free homogenate. As shown in Table 5 IPP-NO-3 was 6 times more efficiently 
incorporated into dehydrotremetone than IPP-[1-‘4C]. 

TABLE 5. INCORPORATION OF IPP-NO-3-[“QZ] INTO DEHYDROTREMETONE 

Incorporation Relative to control 
Substrate* (%) (%) 

IPP-[I-‘4C] 0.14 
IPP-NO-3-[‘+Z] 

Cl001 
I.12 800 

IPP-NO-3-[‘4C], boiled homogenate 0 0 

*The amounts of radioactive substrate added were as follows: IPP-[1-‘4C] = 2.1 x IO’ dpm, IPP-NO- 
3-[‘4C] = 2.24 x 10’ dpm. 

From the positive reaction of IPP-NO-3 with the 2,bdinitrophenol reagent and an iden- 
tical TLC R,f value to 4-hydroxy-3[isopenten-(2)-yllacetophenone it appeared at first that 
the two compounds were identical. Although chromatography of a mixture of 3H-4-hyd- 
roxy-3[isopenten-(2)-yllacetophenone and IPP-NO-3-C 14C] on TLC in three different 
solvent systems showed only one radioactive peak, the 3H/‘4C ratio was found to be lower 
than that of either of the compounds (Table 6, experiment 1). 

TABLE 6. COMPARWN OF IPP-NO-3-[‘4C] AND ~-HYDR~~Y-~~~~~P~;.N~N-(~)-YL]A~~~~PHEN~NE-~H 

Experiment 1: 3H/14C ratio of IPP-NO-3-[‘4C] and 4-hydroxy-3[isopenten-(2)-yl]acetophenone-3H on TLC 
plates* 

Solvent 3H/‘“C ratio 

MeOH- C,H, (2:98) 5.67 
MeOH(ChH, (5:95) 6.00 
CHCl, 5.50 

Experiment 2: competitive utilization of IPP-NO-3-[14C] and 4-hydroxy-3[isopenten-(2)-yllacetophenone- 
3H for the synthesis of dehydrotremetone 

Sample 

Ratioactivity 
3H 

(dpm) (&cm) 3H/‘4C ratio 

Substrate mixture 
Isolated dehydrotremetone 
Reisolated IPP-NO-3 

* The original ‘H/14C ratio of the mixture was 7.75. 

80 121 9242 8.73 
1196 218 5.50 

16626 2208 7.52 

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/‘4C ratio were incubated with a cell free homogenate of the 
plant. The results showed that the 3H/14C 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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DISCtiSSION 

From the previous results’ it appeared that the acctophenone moiety of dehydrotrcme- 
tone is derived from acetate via a polykctidc. LI hich then \tould undergo c~clization to 4- 
hydroxyacetophenonc, follo\\,ed by isoprenylation. This sequence of reactions has ah-cad>, 

been postulated8 and experimental evidence has been presented that in the formation of 
psoralen’ and ergot alkaloids”’ the aromatic ring undergoes isoprcnylation. However. in 
both these cases the aromatic precursor is not derived via a polyacetatc intermcdiatc. In 
the present work 4-hydroxyacetophenone, the most likely aromatic precursor of dehydro- 
tremetonc, was a very poor substrate and il-~iydrc~xy-_~[isopentcn-‘-(~l)]~~ceto~~~~eiioi~c 
which has been postulated’ to undergo cyclization to the benzoi’uran. \vas also a poor sub- 

strate. A number ofexplanations are possible to explain these results. lither (I ) 4-h!droxy- 
3[isopenten-2-(yl)]acetophenonc is not an intermediate in the pathwa!- and isoprcnylation 
occurs directly on the polyketide intermediate followed by Llrc~matiration or 13) the 
enzymes catalyzing the formation of dehydrotremetone are located in :I 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 tremetonc ~bould have been 
expected. but in litct these suhstratcs were found to be good prcc\irsors. .4 possible 
explanation therefore is isoprenylation before cyclization to an aromatic ring. ;I process 

which would bypass the destruction of the aromatic resonance energy in the transition 
state of the substitution of an aromatic ring. 

The poor utilization of 4-hydroxy-3[isopenten-(2)-yl]acetophenonc in conjunction with 
the isolation of IPP-NO-3 and the similarity of the Iwo compounds. appeared to indicate 
that the former is not an intermediate in the formation of dehydrotremetonc but that the 
true intermediate is IPP-NO-3. From preliminary results it ~rppca~-ed that IPP-NO-3 was 
an acetophenone-isoprcnoid compound. but with the double bond in 1 hc side chain at ;I 
different position or with an epoxide function in the side chain.8 

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 IPP was preferentially incorporated over DMAPP 1,) ;I factor of 5. Fur- 
thermore. the addition of unlabeled DMAPP to the radioactive IPP more than doubled 
the utilization of IPP-[I-“C). This would indicate that in E. IW~CISIIIJI IPP is the iso- 
prenoid unit which participates in the isoprenylation reaction. Although unlikely, in vicu 
of the competition experiment performed. the possibility of the prefcrcntinl 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. 

EXPEKIMENTAL 
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EDTA, 0.02 M cysteine, 0.01 M EtSH, 0.01 M KF) and one part Polyclar AT to 4 parts plant material. After 
grinding for I5 min. the ratio of buffer to plant material was adjusted to 5: I (v/w). For lyophilized leaves the 
ratio of buffer to plant material was adjusted to 20: I. The slurry was ground in an Omni-Mixer at maximum 
speed 4 x for 10 set at 0’. The homogenate was then filtered through 4 layers of cheesecloth and sonicated for 
5 set/ml. The homogenate (IO ml) was incubated with the appropriate substrate(s) and cofactor(s) for I4 hr at 
30” with shaking. For all incubations IPP-[ I-‘4C] incorporation was used as a control. Background controls 
consisted of incubation of the substrate with IO ml of homogenate previously immersed for 10 min in boiling 
H,O. 

Assay and isolation ofintermrdiutes. After the incubation the homogenate was shaken vigorously with 20 ml 
of CHCI,, followed by centrifugation for 10 min at 15000~. The CHC13 layer was removed and the extraction 
repeated once with 10 ml of CHCI,. The combined CHCI, extracts were evaporated to dryness. the residue dis- 
solved in 1 ml of C,H, and passed through a silicic acid column (0.2 x I cm) and eluted with C,H,. 3 ml of 
eluate was collected, cont. under a stream of N, and examined by silica gel TLC using MeOH-C6H, (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 incubations 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,, cluatc of the silica gel columns by preparative TLC using the 
MeOH-C,,H, 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. I.5 mg of material was obtained with sufficient radioactivity to carry out the 
experiments described but not sufficient for PMR examination. 


