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Abstract—The initiating molecular species for rubber formation in Hevea brasiliensis has been investigated by
structural characterization of the terminal group in the rubber by means of 3C NMR and 'H NMR spectroscopy.
The presence of trans-isoprene units in trans—trans linkage was confirmed by the characteristic C-1-methylene-carbon
signal of the trans-isoprene unit. The number of trans-isoprene units was estimated to be about two from the relative
intensity of this signal, and the degree of polymerization of various fractions from transesterified deproteinized natural
rubber. Two methyl-proton signals in the trans—trans sequence were detected by 'H NMR spectroscopy. This spectral
evidence shows that the trans-isoprene units are in the trans—trans—cis sequence at the initiating terminal. However,
the expected methyl- and olefinic-carbon signals and methyl-proton signal of the dimethylallyl group were not
detected in natural rubber from regularly tapped trees and from a Hevea seedling. Thus, the direct initiating species of
rubber formation is either a C, s allylic diphosphate consisting of two trans-isoprene unites as in the case of farnesyl
diphosphate (FDP), but which is modified at the dimethylallyl group, or FDP, the dimethylallyl group of which is
modified after polymerization.

The discovery of trans-isoprene units in dimethylallyl-
trans and trans-trans arrangements in naturally occur-
ring cis-polyisoprenes [5-7], by means of '*C NMR
studies, provided new information on the initiating spe-
cies of rubber formation. The detailed work on the in-
itiating species of in vitro formation of rubber clearly
demonstrated the incorporation of [3H]neryl diphos-
phate (NDP) on incubation of this substrate and IDP
with washed rubber particles [8, 9]. However, it was also
observed that (trans)-[*H]geranyl diphosphate (GDP) as
well as its cis isomer (NDP) initiated rubber formation
[8,9]. The stimulatory effect of allylic diphosphates in
the cis- and trans-configuration on rubber formation was
studied by incubation of IDP with washed rubber par-
ticles from H. brasiliensis [8-101, Parthenium argentatum
[10,11] and Ficus elastica [12]. The efficiency of the
stimulatory effect increased slightly with the chain length

INTRODUCTION

Earlier work on the biosynthesis of Hevea rubber was
carried out using mainly radiotracer techniques. The
incorporation of [1-'*CJisopentenyl diphosphate (IDP)
into rubber in vitro showed that this was the molecule
used for polymerization [1,2]. Biosynthesis was initially
thought to start from dimethylallyl diphosphate
(DMADP), which is an isomerization product of IDP, by
analogy with the biosynthesis of terpenes. Subsequent
chain-elongation was postulated to proceed via success-
ive ‘cis’ addition of IDP to DMADP [1,3]. The rubber
molecule was thus expected to be composed of
a dimethylallyl group and a long sequence of cis-isoprene
units. However, no direct evidence was available at that
time to support the hypothesis of this initiation step. On
the contrary, ozonolysis of the rubber yielded no [4C]
acetone, a product derived from the dimethylallyl group,

which it was predicted would be formed by isomerization
of [**C] IDP [1,3,4].

*Part 1 in the Series ‘Initiation of Rubber Biosynthesis in
Hevea brasiliensis.

of the allylic diphosphate in the order Cs < Cyp <
C,5 < Cyp, rather than in relation to the geometric
isomerism of the isoprene units [8,9]; on the other hand,
the Cs- to C,o-compounds were found to be used equally
well as initiators [13]. It is known that a water-soluble
enzyme which catalyses the trans-addition of IDP to
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DMADP to form C,s- trans—trans-FDP is present in
Hevea latex [8,9,14,15]. Despite this clear evidence on
the utilization of allylic diphosphates, it is difficult to
identify the actual initiator involved in rubber biosynth-
esis in vitro.

Early 'H NMR structural studies on natural rubber
indicated that cis-1,4-isoprene is the only repeating unit
of Hevea and Guayule ( P. argentatum) rubbers [17,18].
Later, on the basis of signal assignments of polyprenols,
13C NMR studies on rubbers from Goldenrod (Solidago
altissima) and Sunflower (Helianthus annuus) revealed
that two to three trans-isoprene units linked to a terminal
dimethylallyl group are present [5-7]. In the case of
Hevea rubber, the characteristic !*C NMR signals of the
expected terminal dimethylallyl and hydroxyl groups
were not detected, although the signals corresponding to
small amounts of trans-isoprene units in the trans—trans
or dimethylallyl-trans sequence were observed [7].

Since the number of trans-isoprene units per linear
rubber chain indicates the type of initiator in rubber
biosynthesis, it is necessary to determine this number in
the study of the initiating mechanism of rubber forma-
tion. The relative intensity of the 13CNMR signals be-
tween the trans-isoprene units and the dimethylallyl
group provides direct information on the number of
trans-isoprene units. However, this method is not suffi-
cient to distinguish clearly between the two-trans and
three-trans types, because of the low accuracy of the
13C NMR analysis on the very small amounts of terminal
groups in the high-M, polymer. These problems have
now been solved by the development of more detailed
assignments of signal splittings in the *CNMR and
THNMR spectra, which reflect the triad sequences of
trans- and cis-isoprene units, measured at 100-125 and
400-500 MHz, respectively [18,19]. In the case of cis-
polyisoprene from Lactarius mushrooms, we have ob-
served the '*CNMR signals corresponding to the
dimethylallyl-trans—trans sequence and demonstrated
that the initiating species is trans—trans-FDP [20]. Our
recent studies on the trans-isoprene units in cis-polyisop-
rene from leaves of Goldenrod and Sunflower revealed
that trans—trans-FDP and trans—trans—trans-GGDP are
the initiators in the biosynthesis of both of these rubbers
[19]. In this paper, we have tried to characterize the
initiating species of cis-polyisoprene biosynthesis in H.
brasiliensis by the use of both 13C NMR and 'H NMR
techniques.

RESULTS AND DISCUSSION

trans-Isoprene units in natural rubber

The presence of trans-isoprene units in natural rubber
has been inferred from the '3C NMR signals of low-M,
rubber obtained by fractionation [7,21]. The present
work has further demonstrated this for various fractions
from rubber from field latex, which have been purified by
deproteinization (DPNR) followed by transesterification.
These fractions showed '*C NMR signals characteristic
of C-1 methylene and C-5 methyl carbon atoms in trans-
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Fig. 1. 13C NMR spectra of fractionated TE-DPNR from field
latex with M, of (a) 2.7 x 10%, (b) 0.93 x 10, and (c) 0.30 x 10°.
The asterisked signals are due to impurities.

isoprene units at & 39.8 and 16.0, respectively (Fig. 1).
Here, the carbon atoms of the isoprene units are desig-
nated as follows:

C(5)
|
-C(13-C(2) = C3)-Car-

The chemical shift of the C-1 methylene-carbon signal
of trans-isoprene units indicates that this carbon is linked
to the dimethylallyl terminal unit and/or another trans-
isoprene unit. The validity of this structural inference has
been extensively demonstrated by '*C NMR studies of
acyclic terpenes and polyprenols of known sequential
structure [7,22,23]). It has been confirmed that these
trans-isoprene units are not derived from isomerization
of cis-isoprene units [24]. This indicates that the trans-
isoprene units are a true constituent of the rubber
chain and are derived from a trans-allylic diphosphate
initiator.

The degree of polymerization can be determined by the
intensity ratio between the cis and trans signals in the
13C NMR spectrum, and the number of trans-isoprene
units per molecule in the case of a linear polymer chain.
In other words, the number of trans-isoprene units per
rubber molecule is determinable by the measurement of
the number-average M, by osmometry and the intensity
ratio between cis and trans signals in the '3CNMR
spectrum. It has been found that linear rubber molecules
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Table 1. Number of trans-isoprene units in various fractions
from transesterified deproteinized natural rubber (TE-DPNR)
isolated from field latex

Cis/trans M, Trans-units
Sample (**C NMR) (osmometry) per molecule*
1 613 0.91 x 10° 22
2 838 1.23x10° 22
3 1030 1.40 x 10° 20
4 1180 1.50 x 10° 19
5 2500 3.50 x 10° 2.1

*Calculated from M, and cis/trans ratio.

can be obtained by transesterification of DPNR [25].
Consequently, transesterified DPNR (TE-DPNR) is an
appropriate material to analyse the number of trans-
isoprene units per linear rubber molecule. The results
obtained for the low-M, fractions of TE-DPNR suggest
the presence of about two trans-isoprene units per rubber
molecule (Table 1).

Dimethylallyl group in rubber from fresh field latex and
a Hevea seedling

It is remarkable that the *3C NMR signals due to the
dimethylallyl group have not been detected even in low-
M, fractions of rubber from transesterified DPNR from
fresh field latex (Fig. 1). The absence of the dimethylallyl
group in rubber from several clones was confirmed to be
independent of the method of coagulation of the latex, i.e.
coagulation by formic acid, calcium chloride, or centrifu-
gation followed by ethanol. Detailed analysis of rubber
samples prepared under different conditions will be pre-
sented in a subsequent paper. If the trans-isoprene units
were derived from the usual trans-allylic diphosphatef(s),
it would be reasonable to expect the dimethylallyl group
of the initiating molecule(s) to be present in the rubber. In
the case of rubber from L. volemus, a decrease in the
number of dimethylallyl groups per molecule was ob-
served during the ageing of the sporophores of the fungus
[20]. If a similar disappearance of dimethylallyl groups
proceeds during storage of the rubber in the laticifers of
Hevea between tappings, then it is obviously necessary to
analyse freshly synthesized rubber.

We have analysed the rubber extracted from one-
month- to three-year-old seedlings of H. brasiliensis. The
M, of the rubber increased with increasing the age of the
seedlings. The gel content of these rubbers was ca 1%.
This indicates that the M, and structure are representa-
tive of the rubber from seedlings. The rubber from
the one-month-old seedling was of low-M, with
M,=65x10* and M, =2.6x10°, by GPC-LALLS
measurement using standard polystyrenes. The rubber
showed '*C NMR signals due to the C-5-methyl and
C-1-methylene carbon atoms in trans-isoprene units, at
¢ 16.0 and 39.8, respectively, but the C-5-methyl carbon
signal in the dimethylallyl group, which is expected to
resonate at 6 17.6, was not detected (Fig. 2). Detailed
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analysis of rubber from the seedlings will be presented in
a subsequent paper.

Arrangement of the trans-isoprene units in natural rubber

Polyprenols containing two trans-isoprene units were
distinguished from those containing three trans-isoprene
units by characteristic methyl-proton signals observed at
500 MHz [26]. The 'H NMR method will give definite
evidence of the number and arrangement of trans-isop-
rene units in the rubber molecule.

The 'H NMR spectrum of the low-M, fraction ob-
tained from transesterified DPNR was compared with
those of polyprenol-16 and ficaprenol-11 (Fig. 3). Here,
the signal due to the methyl-proton in cis—cis—cis ar-
rangement was taken as the reference to be é 1.750, in
order to eliminate the effect of concentration on the
chemical shift of the methyl-proton signals of interest.
Apart from this major signal, six other methyl-proton
signals of a similar intensity were found in the 'H NMR
spectrum of polyprenol-16. Ficaprenol-11 showed an ad-
ditional methyl proton signal due to the trans-isoprene
unit in a trans-trans—trans arrangement. This signal is
close to, but distinguishable from, that in a trans—trans-
cis arrangement. Detailed assignments of these signals
have been reported previously, and therefore are used
here without further discussion [19,26]. The low-M,
fraction from transesterified DPNR showed two signals
at 6 1.639 and 1.654, corresponding to the methyl-proto-
ns of the trans-isoprene unit in dimethylallyl-trans-trans
and trans-trans—cis arrangements in the spectrum of
polyprenol-16. It has been confirmed that the trans-isop-
rene unit in the dimethylallyl-trans-trans and trans-
trans—trans arrangements shows the same methyl-proton
signal at 41.640 [24].

In the '"H NMR spectrum of the rubber from the
one-month-old seedling, the methy! proton in the trans-
isoprene units showed very small signals at 6 1.639 and
1.654, although that due to the dimethylallyl group was
not detected. This may be partly a result of overlapping
of a 13C-satellite signal of the cis—cis—cis sequence when
measurement was made at 400 MHz.

Initiating species of rubber formation

The results thus obtained from **C and 'H NMR
studies demonstrate that the initiating species of rubber
formation in Hevea is a derivative of trans—trans-FDP,
presumably modified at the methyl-carbon of the
dimethylallyl group, which is abbreviated here as w'. This
assumption is consistent with the finding that the methyl-
proton of the trans-isoprene unit in the '-trans—trans
group showed a similar chemical shift as that of the
dimethylallyl-trans—trans arrangement. This suggests
that the o’ group has a structure and magnetic shielding
effect on the subsequent trans-isoprene unit similar to
those of the dimethyiallyl group.

Although the dimethylallyl group was not detected,
even in rubber isolated from a very young seedling, it is
still not possible to deduce if a molecule derived from




1504

trans C-1 CH,

T

1 L '

Y. TANAKA et al.

trans C-5 CH,

40 30

20
Chemical shift (ppm from TMS)

Fig. 2. 13C NMR spectrum of rubber from one-month-old Hevea seedling.

FDP initiates polymerization, or alternatively, that FDP
itself is the initiator, and subsequently the resulting poly-
isoprene undergoes complete selective modification of
the dimethylallyl group. The occurrence of such a modifi-
cation reaction has already been mentioned in the case of
rubber from L. volemus [20]. Modification post-polym-
erization is supported by the finding that FDP stimulates
in vitro rubber formation on incubation with IDP and
washed rubber particles [8-11], and that under similar
conditions the incorporation of [*H] NDP is observed
[8,9]. The trans-isoprene units, as well as the dimethylal-
Iyl group, were not observed in wild rubbers occurring as
latex [25], nor in rubbers from Lactarius [20]. This
further implies that the occurrence of modification at the
dimethylallyl group may be accompanied by a decrease
of trans-isoprene units as well. However, the NMR analy-
sis shows this is unlikely in the case of rubber from H.
brasiliensis, because the dimethylallyl group was appar-
ently absent even in the low-M, fractions of rubber from
field latex and the seedling, despite the fact that just two
trans-isoprene units were clearly detected.

This apparent conflict between biochemical informa-
tion and structural evidence might result from the differ-
ence in conditions between in vitro and in vivo polymeriz-
ation. It is noteworthy that the M, of the in vitro rubber
obtained by incubation of washed rubber particles and
IDP was considerably lower than that of the pre-existing

rubber molecules, i.e. M, = 5.6 x 10* and M,, = 1.3 x 10°
[8,9]. A similar tendency was reported in the case of
Guayule rubber [10]. This may simply reflect the ratio
of the concentration of the initiator to that of IDP,
in vitro versus in vivo. It is also conceivable that the
rubber transferase(s) operating in vivo is different from
that on the washed rubber particles used in the in vitro
work.

EXPERIMENTAL

Materials. DPNR was prepd by treating 1% (w/v) Na
dodecyl sulphate-stabilized field latex with 0.04% (w/v)
Alcalase 2.0T (Novo Nordisk Bioindustry), at pH 9.5 and
37° for 24 hr, followed by centrifugation ( x 2) at 16000 g
for 30 min. The N content of this sample, as analysed by
the Kjeldahl method, was 0.009% (w/w) [27].

DPNR was further purified by transesterification with
MeONa to remove the bonded fatty acids. Freshly prepd
1.0 M MeONa in MeOH was added dropwise to a gently
stirred toluene soln of DPNR (1% w/v) in the ratio of
1:15(v/v). The mixt. was stirred for 3 hr at room temp.
and neutralized with methanolic HCI; the soln was then
centrifuged at 16000 g for 30 min and the rubber pptd
with MeOH. The transesterified rubber (TE-DPNR) was
purified by re-pptn from toluene with MeOH, and
dried under red. pres. to constant wt. Fractionation of
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Fig. 3. Methyl-proton NMR spectra of (a) a low-M, fraction of
TE-DPNR from field latex, (b) polyprenol-16, and (c) ficap-
renol-12.

TE-DPNR was performed by adding MeOH to a toluene
soln of the rubber at 25° in the usual way.

The rubber from the 1-month-old seedling (grown
at Hat-Yai, Thailand) was obtained by dripping latex
from the cut end of the stem into hexane. The hexane
soln was washed with H,O followed by centrifugation
(x 3) at 16000 g for 30 min. This rubber was purified
by re-pptn from toluene soln with MeOH and was sub-
jected to analysis without deproteinization or transes-
terification.

NMR and M, measurements. 13C NMR: 100 MHz,
CDCl;, TMS as int. standard, 50°, 10000 MHz sweep
width, 32000 data points, 10 sec pulse interval, 20000
scans; 'H NMR: 400 MHz, 2Hg-benzene, TMS as int.
standard, 50°, 3000 MHz sweep width, 32000 data
points, 4 sec pulse interval and 1000 scans.

Measurements of the number-average M, were made
using a Wescan 231 Membrane Osmometer. Triplicate
analyses was carried out on each rubber soln and the
average taken. The accuracy of the instrument was tested
by the use of 3 commercial standard polystyrene samples,
and the results indicated that the osmometer performed
within a deviation of 4-6% in M, measurement.
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