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Abstract-Although the geranylgeranyl pyrophosphate synthetase activity was very low compared with farnesyl 
pyrophosphate synthetase activity on imbibition of pumpkin seed, the former increased markedly and the latter 
decreased as germination proceeded. 

INTRODUCTION-i 

IN A PREVIOUS paper,’ we reported the separation of geranylgeranyl-PP synthetase and far- 
nesyl-PP synthetase from pumpkin fruit and showed that the geranylgeranyl-PP synthe- 
tase free of farnesyl-PP synthetase catalyzed the condensation of isopentenyl-PP with 
either farnesyl-PP, geranyl-PP or dimethylallyl-PP to give geranylgeranyl-PP as the single 
product. Comparative studies of these two prenyltransferases responsible for the chain- 
elongations up to C1 s and CzO in isoprenoid biosynthesis are of fundamental importance. 
We have now shown that there is a marked difference in the change in activity of these 
two enzymes during pumpkin-seed germination. 

RESULTS AND DISCUSSION 

Ammonium sulfate fractions of cotyledon extracts from completely etiolated plants were 
prepared and their capacity to incorporate isopentenyl-[l-14C] pyrophosphate into farne- 
syl-PP or geranylgeranyl-PP was investigated. 

The previous study showed that farnesyl-PP synthetase can be assayed by incubating 
radioactive isopentenyl-PP and geranyl-PP in the presence of Mg’+, whereas geranylger- 
anyl-PP synthetase is almost insensitive to this incubation.’ Therefore, such an incubation 
was justified in assaying farnesyl-PP synthetase in the present study. Although an assay 
system with radioactive isopentenyl-PP plus geranyl-PP in the presence of Mn2+ is more 
sensitive than one with farnesyl-PP instead of geranyl-PP for geranylgeranyl-PP synthe- 

* This work was supported by Grant-in-Aid from the Ministry of Education, Japan. 
t Abbreviations used: farnesyl-PP, 2,6-trans.truns-farnesyl pyrophosphate; geranylgeranyl-PP, 2,6,10-truns, 

truns.tr.ctns-geranylgeranyl pyrophosphate: geranyl-PP, geranyl pyrophosphate: dimethylallyl-PP. 33dimethyl- 
ally1 pyrophosphate: isopentenyl-PP. A3-isopentenyl pyrophosphate. 

’ OGURA. K., SHINKA. T. and SFTO, S. (1972) J. B&hen,. 72, 1101. 
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tase, the farnesyl-PP system was used for the assay of this enzyme in order to eliminate 
the possibility of detecting farnesyl-PP synthetase. 

Table 1 shows the variation found in a typical experiment in the conversion of radioac- 
tive isopentenyl-PP into acid-labile materials under these conditions. The farnesyl-PP syn- 
thetase activity was predominant in the enzyme from imbibed seeds, and decreased with 
time. Conversely, the activity of geranylgeranyl-PP synthetase, which had been almost 
negligible initially became dominant after 7 days. Although maximum activity for geranyl- 
geranyl-PP synthetasc occurred from 3 to 5 days after germination in scvcral experiments. 
the change of relative activity of these two enzymes was reproducible. 

TALKI- 1. VAKIATLON IN PK~NYLTKANSFFHASF ACTIVITIES IN A ?5-55”,, 
AMMONlLlM S,:tFAT’C FRACTION OF CUC!,Whit~~ p(‘p” COTYLEDONS DL)KINC; 

GtRMINATION 

Period of 
germination 

(days) 

-- 

Activities in nmol product/mg protein:‘hr 
FPP synthetase* GGPP synthetaset 

0 6.23 0. I 7 
7 

; 497 1.25 0.56 I .34 
4 0.34 0.5 1 
7 0.1 I 0.64 

* Activities when isopentenyl-[l-‘4C]-PP and geranyl-PP were used in the 
presence of MgCIz. 

t Activities when isopentenyl-[I-‘“C-I-PP and farnesyl-PP were used in the 
presence of MnC12. 

The method of preparation of the enzymes and the composition of the incu- 
bation mixture are described in the Fxperimental section. 

For further evidence for the developmental variation of the two enzymes, incubation 
with radioactive isopentenyl-PP and geranyl-PP in the presence of Mn’+ . which could 
detect both of these two enzymes, was also carried out, and the products were analyzed. 
As potassium fluoride was added to inhibit phosphatase present in the crude enzyme, alka- 
line phosphatase treatment was not effective, and hence the radioactive materials obtained 
by the acid treatment of the products were identified by radio-gas chromatography (GC-- 
RC). It is well established that the acid hydrolyses of farnesyl-PP and geranylgeranyl-PP 
give mainly a mixture of nerolidol and farnesol and a mixture of geranyllinalool and ger- 
anylgeraniol, respectively.“,” 

As shown in Table 2. a clear difference in the variation of these two enzymes was 
observed. The ma.jor materials derived from the incubation with the enzyme from imbibed 
seeds were C, 5 prenols, nerolidol and farnesol. However, those from the incubation with 
the enzyme from 7-day-old cotyledons were C ?,I prenols, geranyllinalool and geranylger- 
aniol. A mixture of C , 5 and C‘?,, prenols was formed from the products derived from the 
incubation with the enzyme of 2-day-old cotyledons. 

’ GOODMAN. Dr- W. S. and POPJAK. ci. (1960) J. Lipid Rrs. 1, 2X6. 
’ OSTLR. M. 0. and WLSI. C.. .A. (1968) ,4r.(,h. Bioclxw~. B~O~/IJX 127, 1 I7 
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Skilleter and Kekwick4 have shown that the incorporation of isopentenyl-PP into phy- 
to1 is stimulated by light in the leaves of Phasrolus vulgaris. 

TAULI-2. RAVIO-C;ASTHKOMATOGKAPHY OF PRENOLSLIBERA~UBY THE ACII)TRI.ATM~.NTOF THE PROIXJCTFORMED 

BY THk INCI'I$ATION 01 ISOPFNTINYL-[l-'4C]-PP ANV Gt.RANYL-PP IN THE I'REStNCt 06 MnCl, WITH A 35~55'2, 

AMMONIUM SULFATEFRACTIONOF Cucurbitap~pO COTYLEDONS DURINGGERMINATION 

Period of 
germination 

(days) Nerolidol 
Detector response (peak ht. cpm) 

Farnesol GeranyllinaIool Geranylgeraniol 

0 512 295 16 21 
2 550 211 294 110 
4 196 87 561 213 
1 61 33 541 150 

The methods of gaschromatographic analysis were described in Experimental section. 

To examine the effect of light, 8-day-old etiolated seedlings were exposed to light, and 
the farnesyl-PP synthetase and geranylgeranyl-PP synthetase activities were assayed. 
However, the effect of light appeared to be insignificant (Table 3). 

West and Oster3 have reported thatgeranylgeranyl-PP is formed predominantly on incu- 
bation of mevalonate in the presence of MgZf with crude extracts from Echinocystis mac- 
rocarpa endosperm. In our experiment with the enzyme of pumpkin seeds, however, the 
formation of geranylgeranyl-PP was too small as compared with the formation of farnesyl- 
PP. to be detected when either Mg’+ or Mn2+ was used. 

TAI~LI 3. El-~1 CT Ot LIGHT ON THL t.ARNISYL-PP AND GERANYLGt.RANYL-PP SYNTHETASl 

ACTIVITES 

Period 

(hr) 

Incorporation of isopentenyl-[ l-“VI-PP into 

Farnesyl-PP Geranylgeranyl-PP 

Exp. 1 Exp. 1 Exp. 2* 
In light In dark In light In dark In light 

(dpm) (dpm) (dpm) (dpm) (dpm) 

0 1152 2618 3050 
3 1212 1329 2295 1739 3176 
6 1201 1093 3494 2376 3298 

12 I249 998 3047 2624 2815 

* The data do not correspond to the period indicated on the left column. but correspond 
to 0. 2. 5 and 10 hr. respectively. 

Green and Baisted5 have examined the variation in farnesyl-PP synthetase activity during 
pea-seed germination in relatively short-term experiments, and suggested that farnesyl-PP 
synthetase is the rate-limiting enzyme in squalene synthesis from mevalonate. 

Our finding that the developmental changes in farnesyl-PP synthetase and geranylger- 
anyl-PP synthetase activities are not parallel supports our earlier proposal that chain elon- 
gations up to C,, and CZO are independent and that the synthesis of geranylgeranyl-PP 

4 SKILLETER, D. N. and KEKWICK, R. G. 0. (1970) Phytochemistry 9, 153 
’ GREEN, T. R. and BAISTED, D. J. (1972) Bio&m. J. 130,983. 



2 106 T. Stt~hti.~. K. O<;I,KA and S. SI-TO 

from C, does not require the supplement with farnesy-1-PP provided by farnesyl-PP syn- 
thetase. These results might also reflect the requirement for dormancy and growth regu- 
lated by abscisic acid and gibberellic acid. The present study suggests also that 3 to 7-day- 
old pumpkin cotyledons are a better source than pumpkin fruit for the preparation of ger- 
anylgeranyl-PP synthetase free of far.nesyl-PP synthetase. 

EXPERIMENTAL 

Morrriuls. Isopentenyl-[1-“%Z]-PP (1.2 ~Ci,‘~mol). geranyl-PP and farnesyl-PP were the same preparations 
used in the previous study.’ 

Et~zyn~e preparution. Pumpkm (Cucurhita pepo) seeds were soaked for 4X hr m H20 and planted in vermiculite. 
The seeds were grown in the dark with regular watering at 25-27’. The cotyledons (20 g) were homogenized for 
1 min in 0.05 M Tris HCI buffer (50 ml). pH 7. in a chilled Waring Blender. The homogenate uas squeezed 
through four layers of cheesecloth and centrifuged at 105 OOOg for 2 hr. The fraction precipitating between 35 
and 55”,, baturatlon uith (NH,)ISO, U:IS dissolved in minimum vol. of 0.05 M Tris HC‘I buffer. pH 7 and this 
soln was immediately used for the assay. Enzyme preparation was carried out at 1 Protein concn Mere dcter- 
mined by measurement of absorbance at 280 and 260 nm. 

Ascry ofp~.rr~q/frirnsfi,ra.se. The amounts of isopentcnyl-[l-l’C]-PP incorporated into fit]-nes)I-PP and geranyl- 
geranyl-PP were measured in a manner similar to those described previously.‘,” The incubation mixture for ger- 
anylgeranyl-PP synthetase contained 25 nmol isoprntenyl-[l-‘“Cl-PP (I.2 jAIi;Ilmol), 25 nmol farnesyl-PP. 
5 pmol MnC12. 50/1mol Tris HCI bufler, pH 7. 50ltmol KF. IO,~mol iodoacetamidz and the cnqme soln 
(0.1 ml). in a final vol. of I ml. After 5 min prcincubation in the absence of substrates to inhibit phosphatabe and 
isopcntenyl pyrophosphate isomerase. farnesyl-PP and isopentenyl-PP \\ere added. and the incubation oas con- 
tinued for 60 min at 37-. The reaction was stopped by heating the incubate for 5 min at 100 and nonpolar fi~c- 
tions were removed by extraction with 4 ml of Et,O. The aq. phaqc was acidified with 0.1 ml 6 N HCI and heated 
at 5?~-55 for 10 min. The mixture was then made alkaline with 0.15 ml 6 N NaOH, and c.\tractrd with 4 ml 01 
hexane. The hexane extracts were washed with H,O and 3 ml aliquots of the extracts were counrcd for radloacti- 
\lty in a tolucnc scintillator. FOI- mensuremcnt of farncsyl-PP svnthctasc actor it!. the incubation mixture co,,- 
tained the same a:, that for the assa! ofgcrallylgcran~l-PPsvntheiase activity except that farncs\l-PP and Mn(‘l, 
were substituted by geranyl-PP and MgCl,. and the cnlme activitr was similarl) mcahuri-d. i.he c~1-01- in these 
assays was less than 5”~~~. 

GLC unrr/~sis. Carrier farnesol. nerolidol. geranylgeraniol and geranqllinalool were added to the petrol extracts 
of prenols liberated by the acid treatment of the enzymatic reaction product. The petrol soln was then cone to 
a small vol. and was separated by GC RC‘. The separations were made with linear tcmp gl-ndient (1 min) 170 
200 on a I m column packed with I .I?,, Ok’ I7 on (‘hromo\orh W. with Hc at ;(I ml mln 

Light trcwtwut. Eight-day-old etiolated seedlings ucre illuminated fol- specified periods with light of a 20 W 
Toshiba white lluoresccnt tube. The preemsh cotyledons were homogenized immcdi;~tel~. and the enzyme active- 
tie\ Lveri‘ compared wrtb tho<c m control caperlmcnts with etmlatcd iccdling<. 


