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Abstract-Cell-free extracts from carrot and peppermint catalyzed enzymatic tram-cis isomerization of geraniol 
and geranyl phosphate to nerol and neryl phosphate, respectively, in the presence of a flavin, a thiol or sulfide 
and light. Partial reduction of the flavin prior to incubation allowed the reaction to proceed in the absence of 
light. The reaction was reversible with the equilibrium favoring geraniol and geranyl phosphate. 

INTRODUCTION 

THE CYCLIZATION of NerPP to a-terpineol has been postulated to be a key reaction in the 
biosynthesis of the p-menthane series of cyclohexanoid monoterpenes.’ Recently, Croteau 
et al.’ demonstrated that extracts from several monoterpene producing plants, Me&a 
piperita (peppermint), M. spicatu (spearmint) and Caucus ca~ota (carrot), catalyzed this 
reaction.’ Thus, the acyclic C,,- terpenyl pyrophosphate, NerPP, is the direct precursor of 
certain cyclic monoterpenes. 

Although several mechanisms for the biosynthesis of NerPP have been proposed and 
evidence in support of each has recently been reviewed,3 the most likely mechanisms 
appeared to involve either the direct cis-condensation of dimethylallyl pyrophosphate with 
isopentenyl pyrophosphate, analogous to the biosynthesis of rubber, or tram-cis isomeri- 
zation of GerPP to yield NerPP. Francis et aL4 obtained evidence in support of the 
trans-cis isomerization reaction; results obtained using stereospecifically 3H-labeled meva- 
lonate indicated that nerol in rose petals was synthesized via geraniol or a geraniol deriva- 
tive, presumably GerPP. 

In the present paper the isolation of cell-free enzyme systems from peppermint and car- 
rot leaves which catalyze the txms-cis isomerization of geraniol and GerP to nerol 
and NerP respectively is reported, Preliminary results have been communicated 
recently.5 

* Present address: Department of Biochemistry and Biophysics, University of California, Davis, California 
95616, U.S.A. 

Abbreviations used: GerP-geranyl phosphate; GerPP-geranyl pyrophosphate; NerP-neryl phosphate; NerPP- 
neryl pyrophosphate; DTT-dithiothreitol; NEM-N-ethylmaleimide; PHMB-p-hydroxymercuribenzoate.GSH- 
glutathione. 

’ LOOMIS, W. D. (1967) in Terpenoids in Plants (PRIDHAM, J. B., ed.), pp. 59-82, Academic Press, London. 
’ CROTEAU, R., BURBOTT, A. J. and LOOMIS, W. D. (1973) B&hem. Biophys. Res. Commun. S&1006. 
3 BANTHORPE, D. V., CHARLWOOD, B. V. and FRANCIS, M. J. 0. (1972) Chem. Rev. 72,115. 
4 FRANCIS, M. J. O., BANTHORPE. D. V. and LE PATOUREL, G. N. J. (1970) Nature 228,1005. 
’ SHINE, W. E. and LOOMIS, W. D. (1972) Plant Physiol. 49 (suppl.), 37. 
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___-- __-___ 
Tcrpcnc recovcrcd ProdtIc 

Enzyme system (nlllol) I",,) 

Gcraniol substrate 
Dark. complete 200 o-.: 
Light. boiled control 210 -3.7 

Light. complete 230 17.6 
Light. no GSH 2%) 14 
Light. no FAD 240 0.7 

Nero1 substrate 
Light. complete I70 31.1 

____-- 

The reactton mixture contained: 44~tmol K phosphate butl’er: 20 nmol FAD: 43 nmol GSH: 300 nmol sub 

strate: and 20 111 cwymc extract m a total vol. of 0.175 ml. The pH 14 a< 75 I.~ghi Icwl 7W I\. 21 + 00 (densit> 
- _ 

1.00) filtcrs. or dark. Reaction time 60 mm; temp. 35 UL attnospkrc. 

Cell-free extracts from carrot tops and peppermint shoot tips were obtained which cata- 
lyzed the trarzs-cis isomerization of geraniol and GerP in the presence of a fla\;in, ;I 

thiol or sulfide. and light. With geraniol as the substrate, carrot extracts catalj7cd ncrol 
formation (reported as a pcrccntage of total terpene rrcovercd since rccovcr) varied 
slightly from assay to assay). Product formation was greatest in the prcscncc of the cofac- 
tors FADand GSH, and light (above 400 nm). This activity was greatly reduced in the prcs- 
cnce of boiled enzyme (Table I). Some enzymatic isomeri;lation occurred in the absence 

ofeitheroneofthecofactors(FAD.GSH.oroflight). In the presence of0,. product formation 

was only 25’1,, of that observed in N, (data not shoun). Tnhk 1 also sho~.s that nt~ol LVX 

isomerized twice as fast as gcraniol: the equilibrium. 67”,, geraniol and i.:“,, ncrol. LV;IS 
detcrmincd in the presence of the peppermint cn/ytne. The identity of the product. nerol. 
was confirmed by GC-MS. GerP also served as a substrate and N;IS about 50”,, as active 
as geraniol (Table 2). In the assay containing boiled enzyme no hydrolysis of GerP was 
detected but some non-enzymatic isomerization was observed (Table 2). No phosphor~la- 
tion of the substrates geraniol-[(;-“%‘I or GerP. as indicated I~! paper chrc~mntogrnpll). 

was observed. Maximum isomerase activity with geraniol as substrate occurred at pH 7.5 
and the rate of isomeriration at 35” ~vas approximately twice that at 75 The mcth!l esters 

1‘Af3l.t 2. kIMI I~I/AIlO~ Of <,I 114hJ L. I’tIOCI’tl-\ t? \\I) (iI t<,3\IOI 10 PI 1’1’1 l<hllUl , \II<A( I 

___-__ ___-- 

Tcrpenc rccovcl-cd (nmc~i) Iwmel-iTation 
__- _..._ 

Ncrol NW1 
Treatment Ner Get NerP GLXP I”,,) I”,J 

GcrP 
Boiled extract 0 0 1.7 I) 7 0 I .7 
Complete (14 3.0 5, I 96 0-I 4.Y 
No GSH 0 2.6 0 110 0 0 

Geraniol 
Complete Y-7 b’ 13.5 

____ ~__ 
The reaction mixture contained 8.8 blrnol K phosphate buffer; 20 nmol FAD: 44 nmnl GSH: 130 nmol sub- 

stratc: and 5 /J Ca phosphate gel treated enrymc extract in a total vol. of II.175 ml. The ptl \\;I> 7.5. Light Icvcl 
730 lx. 21: + 9b (density 1.00) filfus: rextlon time 75 mill: temp. 30 N, ;Itmospherc. 
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TABLE 3. EFFECTOF NEM ON ISOMEKIZATIONOF GERANIOL BY CARROTEXTRACT 

2097 

Enzyme system 
Terpene recovered Nero1 

(nmol) (%) 

Control, boiled 
Control. complete 
Control, no GSH 

NEM treated. boiled 
NEM treated. complete 
NEM treated, no GSH 

280 1.5 
250 5.1 
170 @7 

210 1.5 
250 76 
270 0.1 

The reaction mixture contained: 4.4 pmol K phosphate buffer; 20 nmol FAD; 44 nmol GSH; 300 nmol ger- 
aniol: and 25 pl enzyme extract in a total vol. of 0.175 ml. The pH was 7.5. Light level 730 Ix. 2E + 96 (density 
1.00) filters. Incubation time 60 min; temp. 35”, N, atmosphere. 

of cis-geranic and trans-geranic acid were not isomerized. GerPP was not tested as a sub- 
strate because of the difficulty of preparing labeled GerPP of sufficiently high specific acti- 
vity. 

Both FAD and FMN served as cofactors for the isomerase. FMN was approximately 
70% as effective as FAD. Near maximal enzymatic activity was observed at 0.02 mM FAD 
concentration; a five-fold increase in FAD level caused an increase in non-enzymatic but 
not enzymatic isomerization. 

The thiol reagents DTT, GSH, /?-mercaptoethanol or Na,S were an absolute require- 
ment for both the enzymatic isomerization of geraniol, using the purified peppermint iso- 
merase, and also for its non-enzymatic isomerization. However, in contrast to the enzyma- 
tic isomerization, Na,SO, would replace the thiol-compounds as a cofactor in the non- 
enzymatic reaction. Non-enzymatic isomerization was least in the presence of DTT (0.7% for 
DTT, 1.8% for GSH and 2.3% for /I-mercaptoethanol at a concentration of 125 ,uM). Ger- 
aniol isomerization in the presence of GSSG was 25% of that with GSH and inclusion 
of NEM in the incubation mixture greatly inhibited isomerization. However, pretreatment 
of the isomerase with NEM or PHMB and removal of excess reagent on a Bio-Gel P-10 
column prior to incubation caused no inhibition; indeed a slight stimulation was observed 
(Table 3). 

The effect of light on the isomerase reaction is shown in Fig. 1. Enzymatic isomerization 
reached a maximum at approximately 23001x while non-enzymatic activity increased 

TABLI;~. EFFECTOF PARTIALLY REWICEDFLAVINON DARK ISOMERIZATIONOFG~KANYL PHOSPHATE BY PEPPERMINT 
EXTRACT 

System Nero1 

Terpene recovered (nmol) 

Geraniol NerP GerP 

Isomerization 

Neroi NerP 

(%) (%) 

Oxidized flavin 
Light. complete 
Dark: complete 

Partially reduced flavin 
Dark. complete 

1.4 5.0 8.1 76 1.5 9.0 
0 62 0.4 90 0 0.4 

0.3 6.4 2.7 85 0.3 2.9 

The reaction mixture contained: 8.8 pmol K phosphate buffer; 20 nmol FAD; 88 nmol GSH; 130 nmol GerP; 
and 20 ,ul Ca phosphate gel treated enzyme extract in a total vol. of 0.175 ml. The pH was 7.5. Light level 730 Ix, 
2E + 96 (density 1.00) filters. or dark. Reaction time 75 min; temp. 35’. Nz atmosphere. 



TAHL~ 5. LIGHT vs. DARK ISOMERIZATIONOF GERANICKBY ~~PP~RMINTI:XTKACT 

Enzyme system 

Oxidized flavin 
Light. boiled control 
Light, complete 

PartialI) reduced flnvin 
Dark. complete 
Dark. No GSH 

Terpenc recovered (nmol) Isomerization 
-- ___ ___ ___________ 

Nero1 
Nero1 Geraniol (“,,I 

___- 

8.0 100 3.x 
37 I 70 I x.3 

IX 190 8.X 

0 200 0 

The reaction mixture contained: 4-4 jcmol K phosphate buffer: 20 nmol FAD: 88 nmol GSH ; 750 nmol ger- 
aniol; and IO /II of peppcrmmt extract in a total vol. of 0,175 ml. The pH \\as 7.5. Light Ic\cl 7iOIri. X + 96 
(densit) 1.00) filterh. ot- dark. Kcaction time 75 min: tamp. 15 b2 atmosplxr\‘. 

linearly with light intensity. Maximum activity occurred at wavelengths between 400 and 

500 nm. In order to minimize non-enzymatic isomerization a light intensity of 7301x was 
selected. If the flavin was partially reduced (by hydrogen with platinum catalysis) prior 
to incubation, isomerization of geraniol and GerP occurred even in the absence of light 
(Tables 4 and 5). Under these conditions. dark isomerization approached 50”,, of that 
observed in the light reaction and GSH was still a required cofactor (Table 5). Dark iso- 
merization was markedly less sensiti\.c to pH changes than was the light reaction. Almost 
no isomerization was observed in the presence of fully reduced Aavin in either the presence 
or absence of light. 

DISCL’SSIC)N 

Recently Croteau LJT ul.,’ reported the existence in peppermint, spearmint and carrot 
cell-free extracts. of enzymes which catalyze the formation of the cyclic monoterpene. 
x-terpineol. from NerPP. The results reported herein demonstrate that peppermint and 
carrot tissues also contain enzyme systems which convert geraniol and GcrP to the 
corresponding cis-isomers and which convert ncrol to the trUtz.s-isomer; the equilibrium. 
determined in the presence of the isomerasc. was 67”,, geraniol and ??“,, ncrol. Thus. 
tissues which form cyclohcxanoid monoterpenes can transform the C,,,-product of the iso- 
prenoid pathway. geraniol. to ncrol, the acyclic precursor of the cyclic monoterpenes. Since 

GerPP was not available for testing. there is no cvidencc from the present study to 
suggest whether the irk t.izo pathway involves direct trclrls-c‘is-isolnerization of GerPP 
or hydrolysis of the pyrophosphatc followed by isomeriration of the monophos- 
phate (or the free alcohol) and subsequent rephosphorylation of the isomerization product 
to form NerPP. Kinases which phosphorylate geraniol and nerol to their monophosphate 
and pyrophosphate derivatives have been isolated from mint leaves.“,’ 

The evidence in support of various isomcrization mechanisms has been reviewed 
recently.” Subsequent reports have dealt with one of these mechanisms Lvhich involves a 
tcrpene aidehyde”.” with catalysis by SH groups.’ In the present study formation of aide- 
hydes or other monoterpene alcohols such as linalool or citronellol was not observed. Fur- 
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thermore, a direct isomerization of GerP was also observed, thus eliminating the possibi- 
lity of an aldehyde intermediate; in assays containing none of the cofactors known to be 
necessary for geraniol kinase activity 6,7 ten times as much NerP was formed as free nerol 
(Table 2). Additionally, only 3% of the substrate was recovered as the free alcohol, thus 
indicating minimal phosphatase activity in the enzyme preparation. Some GerP was non- 
enzymatically isomerized to NerP in the boiled control although no free alcohols were 
detected, again illustrated that a direct tram-cis isomerization of GerP to NerP had 
occurred. Since the rate of isomerization of GerP was less than that of geraniol, additional 
experiments with GerPP are needed to determine whether the presence of the second 
phosphate group causes a further decrease in isomerase activity. 

IO- 

Difference 

1500 3000 4500 6000 750 

Light level, Ix 

FIG. 1. EFFECT OF LIGHT ON GERANIOL ISOMERIZATION BY PEPPERMINT ENZYME. 
The reaction mixture contained: 8.8 pmol K phosphate buffer; 20 nmol FAD; 22 nmol dithiothreitol; 
300 nmol geraniol; and 25 ~1 enzyme in a total vol. of 0.175 ml. The pH was 7.5. Reaction time 60 min: 

temp. 35”, N, atmosphere. 

Posthuma and Berends’” first demonstrated the importance of flavins in catalyzing non- 
enzymatic photoisomerization reactions. Similarly, both all-trans-retinol and 13-cis-retinol 
were shown to undergo a flavin-sensitized photoisomerization,‘l whereas the dark isomer- 
ization of all-trans-retinal, but not of all-trans-retinol, was catalyzed by dihydroflavin and 
other nucleophiles.‘* The present results demonstrate that geraniol isomerization was also 
photoinducible (Fig. 1); in the absence of light, isomerization occurred if the flavin co- 
enzyme was partially reduced prior to incubation (Table 5). Extensive reduction of the fla- 
vin, however, greatly inhibited isomerization, thus suggesting that the flavin semiquinone 
was involved, either directly or indirectly, in geraniol isomerization. 

In contrast to previous reports, a thiol or sulfide was also essential in order to demon- 
strate both the non-enzymatic and enzymatic isomerization of geraniol and GerP. The 
thiol was not acting simply as a reducing agent since the thiol-compound could not be 
replaced by sodiumascorbate, NADH, EDTA (a photoreductant) or partially reduced flavin. 

lo POSTHUMA, J. and BERENDS, W. (1966) Biochim. Biophys. Acta 112,422. 
‘I GORWN-WALKER, A. and RADDA, G. K. (1967) Nature 215, 1483. 
” FUTTERMAN, S. and ROLLINS, M. H. (1973) J. Bid. Chem. 248, 7773. 
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This thiol could function to stabilize an active flavin state.” either ha direct interaction 

with the flavin, or by freeing a sulfhydryl group(s) on the isomerase which would in turn 
interact with the flavin. Although thiol-compounds were csscntial for geraniol isomeriza- 
tion. preincubation of the enTymc with sulfhydryl blocking agents followed b? removal 
of excess reagent prior to the assay did not inhibit the reaction (Table 3). This ma\: indicate 
that an active sulfhydryl group of the isomerasc is masked and onl)- reacts with blocking 
agents under the conditions of assay.‘“~’ 5 Indeed. if NEM ~vas added during assays iso- 

merization was virtually eliminated. 

The reversible tww-cis isomeriz~tion reaction reported here ma) ucll function as a 
branch point in the isoprenoid pathway, allowing a diversion of GerPP into the /‘-men- 

thaneseriesofcyclohcxanoidmonoterpenes. Thus the isomcrasc. in conjunction M ith NerPP 
cyclase, could regulate the biosynthesis of cyclic monoterpcncs and higher tcrpcnes from 
their common precursor. Onl) C,,,- compounds have been tested ;IS isomcrasc suhstratcs 

and further studies will be necessary to detcrminc whcthcr ;I similar isomerase is invol\rcd 
in the biosynthesis of (,is-bonds in other isoprenoid compounds such ;ts gossypnl precur- 
sorsl(~.l: and absicic acid. lx 
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by TLC from a Skcllysolvc-B extract of the leaves that had been treated with activated charcoal and then filtered. 
Purification of the labeled geraniol bq AgNO,-TLC resulted in geraniol-[G-‘“Cl, 2.2 pCi/pmol, containing less 
than O.l”,;, nerol. Geranyl-[G-‘JC] phosphate was synthesized chemicallyZ3 using this purified geraniol-[G-‘4C] 
diluted with the unlabeled gcraniol to give a sp. act. of 0.2 pCi/pmol. The GerP was then precipitated from the 
mixture with LiCl and purified by PC using PrOH-NH,OH-H,O (3: 1: 1)14 as a solvent. With this solvent the 
monophosphate and p$rophosph:dte were clearly separated, the monophosphate having the higher R,. 

Assa~j procedures were carried out anaerobically in 3 ml conical tubes capped with rubber stoppers. Assays in 
the light utilized Gro-Lux wide spectrum fluorescent lamps and Wratten 96 neutral density and 2E filters; the 
96 filter had a density of 1.00 and 10:); transmittance and the 2E filter absorbs wavelengths shorter than 400 nm. 
The intensity of the filtered light was 730 lx. After incubation, samples were chilled in ice and extracted 3 x with 
I ml portions of Et?O. The pooled extracts were concentrated under a stream of Nz and analyzed by GLC on 
an FID instrument using dual 6.1 m x 3.1 mm stainless steel columns packed with I”o phcnyldlcthanolamine suc- 
cinate and 1.5% sucrose acetate isobutyrate (PDEASSAIB) on IO@200 mesh Chromosorb G, and programmed 
from 14@150”. Under these conditions linalool. citronellol. neral, nerol and geraniol peaks were clearly dis- 
tinguishable although adjacent peaks partially overlapped. Peak areas were measured with a Disc Integrator and 
quantitative data were obtained for geraniol and nerol by calibration with authentic standards. When geranyl- 
[G’Y’] phosphate served as substrate. the aq. phase was chromatographcd on paper as above. the chromato- 
gram was scanned in a radiochromatogram scanner, the GerP/NerP peak was treated with calf intestinal mucosa 
alkaline phosphatase and the Et,0 extract of this soln was analyzed by GLC as described above. The lower 
limit of detection under the conditions employed was 0.025 nmol. Reaction products were confirmed by GC- 
MS*’ utilizing the column described above; geraniol and nerol were identified by comparison with spectra 
obtained with standards and by comparison with published spectra.‘” Utilizing geraniol-[G-‘4C] as a substrate. 
nerol formation from geraniol was also confirmed by GC-RC analysis on the same column using a thermal con- 
ductivity detector coupled to radioactivity detector. 
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