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Abstract—The effectiveness of incorporation of radioactivity from '*C-labelled monoterpenyl pyrophosphates into
isothujone, 1,8-cineol and a-pinene formed in excised leaves of Artemisia annua was: linaloyl pyrophosphate (LPP)
> neryl pyrophosphate (NPP) > geranyl pyrophosphate (GPP). In cell-free extracts that sustained synthesis of a-
pinene the same order occurred, but this was an artefact as inhibition of endogenous phosphate-cleaving enzymes led to
the reverse sequence. Consequently, previous conclusions drawn from measurements of the relative efficiencies of the
esters as precursors for cyclic monoterpenes (which indicated LPP to be the preferred substrate) may be invalid. Simple,
but effective, modifications of previous procedures have led to the preparation of hemi- and mono-terpenyl phosphates
and pyrophosphates in good (20-50%) yields in excellent { > 99 %) purity. Loss of *H from C-1 of GPP and NPP
occurred on storage—reasons for this unexpected exchange are discussed.

INTRODUCTION

GPP* and NPP have been generally considered to be
obligatory precursors for the biosynthesis of cyclic mono-
terpenes in higher plants. The role of LPP, although often
discussed ([ 1] and refs. cited therein), has not been defined
until recently. In this latter work, LPP has been convinc-
ingly demonstrated as a direct precursor of bornyl
pyrophosphate in Salvia species as a result of detailed
enzymic studies [2]; and in certain Mentha, Perilla and
Citrus species the preferential incorporation LPP
> NPP > GPP both in vivo and in cell-free extracts into
various cyclic monoterpenes was considered to support
the direct incorporation of LPP into products without the
necessary formation of either GPP or NPP [3]. However,
in Salvia species, phosphatases are present which show
differing activities towards monoterpenyl pyrophos-
phates and phosphates [4] and these, if of general
occurrence, may interfere both in vivo and in vitro with the
efficiencies of incorporations of these precursors into
derived monoterpenes. In the present work, we measured
the relative efficiencies of incorporations of the three
monoterpenyl pyrophosphates into certain monoterpenes
by excised shoots and cell-free extracts of Artemisia annua
L. in order to determine if the incorporation pattern
found in the Mentha and other species could be repeated.

RESULTS AND DISCUSSION

Relative incorporation of monoterpenyl pyrophosphates,
etc.

Our specimens of A. annua yielded a volatile oil (2.8 %,

* Abbreviations: LPP, linaloyl pyrophosphate; GPP, geranyl
pyrophosphate; NPP, neryl pyrophosphate; LP, linaloyl phos-
phate; GP, geranyl phosphate; NP, neryl phosphate.

wt:wet wt) comprising artemisia ketone (399%; 3,3,6-
trimethylheptan-1,5-dien-4-one), borneol (15 %/; boran-2-
ol), pinocamphone (159;; trans-pinan-3-one), 1,8-cineol
(129;; p-menthan-1,8-oxide); a-pinene (8 %; pin-2-ene), f-
pinene (1 %.; pin-2(10)-ene) and isothujone (109;; trans-
thujan-3-one). Percentage incorporations of tracer from
4C-labelled mono- and pyro-phosphates into isothujone,
1,8-cineol and a-pinene in excised shoots are recorded in
Table 1. All products were rigorously purified to constant
specific radioactivity by recrystallization (of solid deriva-
tives, if necessary) and all feeding conditions were care-
fully standardized for comparison purposes. The
incorporations were typical of those found in comparable
experiments with other species. Incorporations into the
main component of the oil, artemisia ketone, were not
determined, as this irregular monoterpene has been
shown not to be derived from the usual regular C,,-
precursors [5]. Position-specific incorporation of tracer
from precursor to products was not demonstrated, but
previously under very similar conditions of feeding ex-
cised shoots of Artemisia annua with 2-'*C-labelled
geraniol or nerol, such specificity of incorporation into
isothujone, pinocamphone and borneol was proved [5].

A cell-free system based on that previously developed
for the synthesis of artemisia ketone by 4. annua [6] was
also employed. This only effectively synthesized «- and -
pinenes from the C,,-pyrophosphates with less than
0.01 % incorporation into the other monoterpenes: the
incorporations are recorded for the former isomer. g-
Pinene was not purified to constant specific activity, but
incorporations were at least some 3-fold lower.

These observations show that, for both feeding to
excised shoots and to cell-free extracts, the order of
efficiency of precursors was: LPP > NPP > GPP. The
corresponding phosphates appeared to show a similar
order from the limited data available. Incorporations of
the free alcohols were irregular and irreproducible in their
order but were generaily some 10-fold lower than the
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Table 1. Relative efficiencies of C,,-phosphate esters as precursors of monoterpenes
in A. annua

Material Precursor* Monoterpene ( %, )t
Isothujone 1,8-Cineol a-Pinene.
LPP 08 6.3 3.2
Excised shoots NPP 0.3 2.1 0.8
GPP 0.1 13 0.5
LP 0.4 1.3 1.5
Excised shoots NP = — 0.8
GP 0.1 04 —
a-Pinene  o-Pinene+F " f
LPP 9.3 7.0
Cell-free extracts NPP 2.1 21.3
GPP 0.3 26.5
LP 0.1 0.1
Cell-free extracts { GP o1 00

*Concentrations, incubation conditions, etc. as in Experimental.
+ ¢, Incorporation of **C from precursor (s.d. + 59 in duplicate matched runs).
1F~ (2mM) added, conditions as in Experimental.

incorporations of the phosphates. Thus the pattern of
relative incorporations obtained by Suga et al. [3] was
obtained. Some believe that isoprenoid phosphate esters
cannot be transported into plant cells and that hydrolysis
precedes cellular uptake of the terpenoid moiety. There is
no experimental evidence whatsoever on this point, but if it
were true, results of in vivo studies of relative incorpor-
ations of monoterpenyl (and other isoprenoid) phosphate
esters would provide no index of the efficiency of these
compounds as precursors (however, in practical terms, the
use of the water-soluble esters rather than the insoluble
alcohols as prospective precursors has obvious advan-
tages). This possible conceptual objection has no re-
levance to the in vitro studies.

However, a set of experiments was carried out using the
cell-free extracts as before but with the addition of F~.
This has been shown to be the best reversible inhibitor of
many studied for endogenous phosphatases and pyro-
phosphatases from Tanacetum vulgare and at 2mM in a
standard extract reduced (by > 959;) phosphatase acti-
vities towards a variety of hemi- and mono-terpenyl
phosphate esters, without, however, affecting the other
enzymes of terpenoid metabolism [ 7]. The presence of F~
(2mM) gave the results in Table 1, and at 50mM
essentially (variation + 109;) the same results were ob-
tained: thus confirming the lack of effect of the additive on
the terpene synthetase. The order of efficiency of in-
corporation of the C, ,-pyrophosphates was now reversed
to: GPP >NPP > LPP. Results with the monophos-
phates were not clear-cut. An obvious explanation of this
reversal is that the plants and their extracts contained
phosphatases and/or pyrophosphatases that selectively,
perhaps specifically, destroyed NPP and GPP rather than
LPP, and that the ‘true’ order of efficiency of precursors
could only be determined when those systems were
inhibited: i.e. in cell-free extracts. The presence of these
phosphatases in our crude extracts was demonstrated by
direct assay. Thus, apyrase-type activity (to cleave the
terminal phosphate from pyrophosphate} was present
with relative values for hydrolysis of substrates: GPP

(100), NPP (83), LPP (9): and direct phosphatase activities
were: GP (100), NP (93), LP (80). All these activities were
effectively ( > 909) inhibited by F~ (2mM).

Thus, the observation that LPP is the most effective
precursor of monoterpenes in uninhibited systems may
lead to biosynthetic deductions that are not valid in plant
systems generally. Indeed (especially for in vive studies)
the situation is so complex with different (albeit related)
substrates perhaps possessing both differing ease of access
to the biosynthetic sites and different susceptibilities with
respect to phosphatase and kinase systems, and also being
accepted to different extents by terpene synthetases and
cyclases, that the drawing of valid general conclusions
from simple measurements of relative efficiencies of
incorporation seems unlikely.

Preparation and assay of terpene pyrophosphates and
phosphates

Almost all reports of the preparation of terpenyl
pyrophosphates use di-triethylamine phosphate in tri-
chloroacetonitrile as the phosphorylation agent but there
is a bewildering variety of methods for working up and
purifying the crude products. Analytical, spectroscopic
and chromatographic characterizations of products have
almost always been glossed over or omitted and the
situation for particular compounds has often been consid-
ered unsatisfactory [8-12]. The C, -pyrophosphates used
in our assays were prepared by the usual phosphorylation
[13,14] followed by a four-stage purification involving
paper chromatography, electrophoresis and crystalliz-
ation [6]: this gave acceptable (typically 25°,) yields of
satisfactorily pure LPP, GPP and NPP and the cor-
responding monophosphates. In our hands this procedure
was superior to recipes (particular for various terpenyl
esters) involving different phosphorylating agents [ 15] or
purifications on silica gel [16, 17], amberlite resins [17],
DEAE-cellulose or Sephadex [18,19]. However, our
methods were time-consuming and, by small, but vital
modifications of published procedures for conditions of
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phosphorylation, recrystallization of the mono- and pyro-
phosphates, and ion exchange on Dowex X-8 (the last step
has previously been applied to the purification of farnesyl
pyrophosphate [20]) we have found a simpler procedure
for certain Cs-, C,,- and C,s-alcohols that is probably
widely applicable. Details are in the Experimental: yields
were excellent (for the type of reactions); thus for pyro-
and mono-phosphates of geraniol (35, 45°%); nerol (48,
30); linalool (42, 40); citronellol (50, 22); farnesol (35, 30);
isopentenol (30, 26); and 3,3-dimethylallyl alcohol (30, 25).
All products were characterized by homogeneity on PC
and TLC; by C, H, P and phosphate analyses; and by
'H NMR and *'P NMR spectroscopy. All were highly
(> 99 %) pure, save the esters of linalool and the pyrophos-
phates of the two Cj-alcohols which were less pure
(> 97%). An excellent method for assay of mixtures of
mono- and pyro-phosphates was by *!PNMR at
80.98 MHz with proton-decoupling. The former esters
gave a singlet at ca 6 4.4 (80 %, aqueous H; PO, as external
standard; 6 0.0), whereas the pyrophosphates gave doub-
lets (J = 22Hz) at ca 65.5 and 9.5. Spectra were pH-
dependent and optimum resolution was at 8.6. In contrast,
the phosphorylating agent (di-triethylamine phosphate)
gave a signal at §0.72.

The !'*C-labelied C,,-pyrophosphates prepared in
these studies are known to decompose in the solid state
and in frozen solutions [ 18] and are best stored in dilute
ammonia at 4°: under these conditions they are claimed to
be stable for several weeks and the specific radioactivity is
practically unchanged. Specimens of initially highly puri-
fied [1-*H, ]GPP that had been prepared from chemi-
cally and radiochemically pure (> 99%) [1-*H, ]ger-
aniol were found, after storage for 2-3 months under the
latter conditions, to be contaminated with up to 259,
NPP, and also to have suffered a loss of specific radioac-
tivity by up to 90 %/. The same phenomenon was found for
NPP and here GPP was the contaminant. There is a
precedent for these unexpected results: [ 1-*H, Jfarnesyl
pyrophosphate was found to lose up to 509 of its tracer
(as indicated by a change in *H/*C ratio) on storage, and
this ‘perplexing’ result was tentatively attributed to capture
of the allylic cation by a nucleophile other than phosphate
by a process exhibiting a negative *H-isotope effect [20].
Another explanation that accommodates both isotope
loss from C-1 and the isomerization is that the allylic ion
cyclized to a cyclopropyl carbocation that could undergo
hydride shift, elimination to a cyclopropene derivative, or
ring-opening, all in equilibrium. Such a scheme has been
suggested to account for isomerization of 2-trans-farnesyl
pyrophosphate into its 2-cis-isomer in the course of
sesquiterpene biosynthesis [21].

EXPERIMENTAL

Materials. A. annua was cultivated as described [5]}. [2-
14C])Geraniol (126 pCi/mmol), [2-'*CInerol (126 uCi/mmol)
and [1,2-1*C, Jlinalool (150 #Ci/mmol) were available [5].

Preparation of pyrophosphates and phosphates. The standard
phosphorylation method [13,14] was used with the following
modifications: (a) The reagents were in the ratio substrate—
trichloroacetonitrile-di-tricthylamine phosphate, 1:9:3. (b) The
first two were stirred (0°, 1hr) before addition of the phos-
phorylating agent. () The latter was added (4 hr) and the reaction
continued for 24-48 hr. Longer reaction times led to the forma-
tion of predominately polyphosphates. Progress of the reaction
was monitored by *'PNMR spectroscopy. The purification
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procedure was: (a) rotary evaporation (35°) to give a slurry; then
30min further (b) fractional crystallization of the cyclohexy-
lamine salts (cf. [22]); (c) conversion into Li salts (LiCl) and ion-
exchange chromatography on Dowex 50W-X8 (NH; form;
20-50 mesh) with 0.08 M NH, formate-MeOH. Elution times
were irreproducible in different runs on the same product, and the
retention position was determined by assaying the eluant from
the column [PC, Whatman 3M with i-PrOH-NH,OH-H,0
(8:1:1) with detection by acid molybdate spray (59, aq. soln)].
Storage properties of products are given in Discussion. Products
had the expected elemental analysis (C, H, P) phosphate content
[23] and showed the expected 'H NMR and *!P NMR spectra
(see Discussion). The latter spectra were recorded on a Varian
XL200 spectrometer at 80.98 MHz.

Feeding experiments. Feeding of precursors to excised shoots
of A. annua were as described [5]. Cell-free preparations were
obtained as have been described in great detail [6] for the
formation of irregular monoterpenes from Cs-precursors. Work-
up and preliminary preparation of isothujone, a-pinene and 1,8-
cineol were as before [5,6]. Partially purified isothujone was
recrystallized to constant specific radioactivity as its 4-phenylse-
micarbazone, mp 184° (ex Me,CO; aq. EtOH); 1,8-cineol was
purified similarly as its adduct [ 24] with 2-chlorophenol, mp 58°
(ex petrol, bp 60-80°); and a-pinene was converted into its adduct
with 2-mercaptoacetic acid and this was derivatized as the S-
benzylisothioronium chloride, mp 162° (ex Me,CO; MeOH).
Radiochemical assays were conventional using butyl-PBD in
toluene as scintillant. Typically, aliquots (5-10 mg) containing 5
x 102-10* dpm were assayed. 4 x 10* disintegrations were ac-
cumulated so that 20 was +179.
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