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A new signal was observed at 6 164.5 in the 13C NMR spectrum obtained by the enzymatic condensation of 
[ l -WIgeranyl  diphosphate with isopentenyl diphosphate by farnesyl diphosphate synthase; the signal was assigned 
to  C-I of a delocalized Clo-allylic cation on the basis of MO calculations, the 1% NMR spectrum of [l-l3C]geraniol in 
magic acid (FS03H-SbF5) and 13C NMR spectra of the enzyme reaction under reversible inhibition conditions. 

Farnesyl diphosphate (FPP) is biosynthesized from the 1'-4 
condensation of geranyl diphosphate (GPP) with isopentenyl 
diphosphate (IPP) by FPP synthase. The prenyl chain 
elongation was previously proposed to proceed with the 
occurrence of a geranyl cation intermediate.' However, no 
tangible proof of the generation of the cation in the chain 
elongation was given. The present communication reports a 
13C NMR spectrometric detection of the delocalized Clo- 
allylic cation in the biosynthesis of FPP. 

Following the procedure described in the literature,2 FPP 
synthase was obtained from avian liver and purified. Purifica- 
tion steps included fractionation with ammonium sulfate ( 3 6  
57%) followed by chromatography, first on an anion exchange 
column [ DEAE-TOYOPEARL 650M (TOSOH)] and then 
on a hydroxylapatite column [Bio-Gel HTP (Bio-Rad)]. The 
activity of this purified FPP synthase was about 900-fold 
with respect to that of the ammonium sulfate fraction. 
[ 1-13ClGeraniol was prepared from methyl bromo[ 1-13CI 
acetate and [ 1-13C]linalool was prepared from the [ l - W ]  
geraniol by isomerization with AgN03 following the methods 
described in the literature.3 [1-13C]GPP was prepared from 
[ l-13C]geraniol by phosphorylation following the method 
described in the literature.4 

The condensation of [1-*3C]GPP with IPP by FPP synthase 
was checked by means of 13C NMR spectral measurements.? 
[1-13C]GPP (4 pmol) and IPP (4 pmol) dissolved in 350 pl of 
Tris-HCI buffer [0.05 mol dm-3, pH 7.0, H20 : D20 = 7 : 3 (v/ 
v)] were added to a solution of the FPP synthase (1.2 mg 
protein) in 100 pl of the same buffer containing MgC12 (5 
mmol dm-3) in an NMR tube (5 mm O.D.). 13C NMR 
measurements of the enzyme reaction were carried out at 
37 "C. Reaction mixtures made up either with the heat- 
inactivated FPP synthase or without IPP, but otherwise 
prepared identically to the above described mixture, were 
used for the control experiments. After 5000 scans over a 
period of 2 h, the 13C NMR spectrum shown in Fig. l(a) was 
observed. The signals at 6 25.9, 58.1, 62.8 and 113.0 were 
assigned to C-5 of FPP, C-1 of geraniol, C-1 of GPP and C-1 of 
linalool, respectively. In addition to these signals, a signal was 
observed at 6 164.5 for the first time. The peak intensity of the 
new signal increased with increasing the concentration of the 
enzyme. This signal could be seen also in a control experiment 
using the above reaction mixture minus IPP, but neither this 
new signal nor the signal of [5-13C]FPP appeared in the 13C 
NMR spectrum of the reaction mixture with heat-inactivated 
FPP synthase, as shown in Fig. l(b). 

The new signal at 6 164.5 was assigned on the basis of MO 
calculations and 13C NMR spectral experiments as follows. It 
is reported that the chemical shift of the delocalized allylic 
cation generated in magic acids (FS03H-SbF5) can be 
estimated from the n electron density.6 The n electron density 
at C-1 of the delocalized Clo-allylic cation generated from 
GPP was evaluated to be 0.61.$ From the correlation between 
the n electron density and 13C NMR chemical shifts,6 the 13C 
NMR chemical shift of C- 1 of the delocalized Clo-allylic cation 
generated from geraniol in magic acid is estimated to be 6 

175.5. Actually, the 13C NMR spectrum of [l-WIgeraniol in 
magic acid showed a signal at 6 177.6 assigned to C-1 of the 
delocalized Clo-allylic cation generated from [ l-W]geraniol 
together with a signal at 6 72.2 assigned to C-1 of [l- 
13C]geraniol.§ This assignment was confirmed by the fact that 
the 13C NMR spectrum of [ l-l3C]linalool in magic acid showed 
also the signal at 6 177.6 together with a signal at 6 124.6 
assigned to C-1 of [1-W]linalool. Since the C-1 signals of 
geraniol and linalool in D20 are observed at 6 58.1 and 113.0, 
respectively, the correction for the solvent effect between 
D20 and magic acid can be considered as 11-14 ppm. This 
correction gives 6 163-166 for the C-1 signal of the delocalized 
Clo-allylic cation in D20. Thus, the signal at 6 164.5 observed 
in the 13C NMR spectrum obtained by the enzymatic 
condensation is assigned to C-1 of the delocalized Clo-allylic 
cation generated from GPP. 

To further confirm that the delocalized Clo-allylic cation 
occurs only in the presence of the active enzyme, the 
enzymatic condensation of [1-'3C]GPP with IPP by FPP 
synthase was monitored by 13C NMR spectral measurements 
under conditions where the enzyme activity was inhibited. The 
FPP synthase activity was controlled with 5,5'-dithiobis- 
(2-nitrobenzoic acid) (DTNB)7 as deactivating reagent and 
dithiothreitol (D?T)S as reactivating reagent , which are 
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Fig. 1 13C NMR spectra of (a )  the mixture of FPP synthase, [l- 
I3ClGPP and IPP and (b) the mixture of the heat-inactivated FPP 
synthase, [ l-W]GPP and IPP. * Denotes I T .  
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known to interact with the cysteine residues of the enzyme.7.9 
Prior to the 13C NMR measurements, the effects of the 
addition of DTNB and DTT on the FPP synthase activity were 
assayed using GPP and [4-"+C]IPP. When DTNB was added to 
a concentration of 750 pmol dm-3 in the reaction mixture, the 
enzyme activity decreased to ca. 10%. The activity of the 
deactivated enzyme was restored in 40 min by addition of DTT 
to a concentration of 30 mmol dm-3. Therefore, it was 
confirmed that the FPP synthase activity can be controlled by 
addition of DTNB and DTT. 

The activity-controlled reaction was then performed in the 
NMR tube under the same conditions as above and monitored 
by 13C NMR measurements. In the absence of any activity- 
controlling reagent, the reaction mixture gave the 13C signal at 
6 164.5 as shown in Fig. l(a). Addition of DTNB (750 
pmol dm-3) to deactivate the FPP synthase made the signal at 
6 164.5 disappear, but had no effect on the intensities of the 6 
25.9 (FPP, C-5) and 62.8 (GPP, C-1) signals. When the 
enzyme activity was restored in a 2 h incubation with DTT (30 
mmol dm-3), the intensity of the signal at 6 25.9 (FPP, C-5) 
increased, the intensity of 6 62.8 (GPP, C-1) decreased and 
the signal at 6 164.5 reappeared.7 Obviously, the latest signal 
appears only in the enzyme reaction with active F'PP synthase, 
suggesting that the delocalized Clo-allylic cation is formed in 
the active site of the enzyme. The cation, normally unstable at 
room temperature, would be stabilized by the enzyme long 
enough to be detected by 13C NMR measurements. 

In conclusion, the occurrence of the delocalized Clo-allylic 
cation in the biosynthesis of FPP was indicated by means of 
13C NMR measurements. This is the first example of the 
observation of the generation of the delocalized Clo-allylic 
cation in the biosynthesis of FPP. 
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Footnotes 
t All NMR experiments were performed on a 6.35-T JEOL GSX-270 
spectrometer (13C, 67.8 MHz) with a Fourier transform accessory, a 

spin decoupler and a variable temperature probe. The pulse delay 
used was 1.0 s. The pulse width and the data acquisition time were 4.6 
ps and 0.511 s. respectively. The data points were 16384. Approxi- 
mately 5000 accumulations over a period of 2 h were made to obtain 
satisfactory spectra. The signal to noise ratio in the region between 6 
160 and 170 was ca. 2. The chemical shifts were relative to external 
Me& in CDC13 (capillary). 
t; The n electron density at C-1 of the delocalized Clo-allylic cation 
generated from geraniol was evaluated on the CND0/2 method.10.11 
The bond lengths and angles used for calculation were the values 
reported in the ab initio molecular orbital calculation of isopentenyl 
cations.12 The standard geometry of the delocalized allylic cation was 
optimized by use of the MM2 calculation.~3 
0 Solutions of [l-l3C]geraniol or [1-13C]linalool in 0.35 ml of S02CIF 
at -78 "C were prepared in NMR tubes (5 mm O.D.). A solution of 
magic acid [FS03H-SbF5 = 1 : 1 (v/v), 0.35 ml] was added to each 
sample at -78 "C. 13C NMR spectra of each mixture were observed at 
-50 "C. All chemical shifts were downfield from external Me4Si in 
CDC13 (capillary). 
fi Upon addition of DTT to the DTNB-containing reaction mixture, 
the intensity of the C-5 signal of FPP increased 13%, while that of C-1 
signal of GPP decreased 33%. 
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